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PREFACE 


The  Symposium  on  Spacecraft  Attitude  Determination  wae 
held  it  The  Aerospace  Corporation,  El  Segundo,  California,  on 
September  30  and  October  1-2,  1969.  It  wae  coeponeored  by 
the  Air  Force  Syetema  Command,  Space  and  Mieeile  Systems 
Organization,  and  The  Aerospace  Corporation. 

The  symposium  brought  together  306  representatives  from 
44  industrial,  governmental,  and  educational  organizations  con¬ 
cerned  with  spacecraft  attitude  determination, 

The  purpose  of  the  symposium  was  in  general  to  present 
a  broad  coverage  of  the  spacecraft  attitude  determination  prob¬ 
lem  and  in  particular  to  review  the  advances  in  sensing  and  data 
processing  techniques  related  to  spacecraft  attitude  determina¬ 
tion,  to  assess  current  capabilities,  and  to  provide  an  exchange 
of  ideas  among  people  who  have  an  active  Interest  in  the-  field. 
The  sponsors  hope  that  the  symposium  has  stimulated  new  ideas 
and  will  lead  to  the  advancement  of  spacecraft  attitude  determi¬ 
nation  potentials. 

Symposium  cochairmen  were  D.  Evans,  Captain,  USAF, 
L.  J.  Henrikson,  and  J.  E.  Leslnski. 


ABSTRACT 


These  proceeding*  contain  reproductions  of  the  unclassified 
papers  presented  at  the  Symposium  on  Spacecraft  Attitude  Deter* 
mination,  held  at  The  Aerospace  Corporation  on  September  30  and 
October  1-2,  1969.  Classified  papers  appear  in  Volume  II. 

The  symposium  consisted  of  six  sessions.  A  brief  summary 
of  the  material  in  each  of  these  sessions  follows. 

Session  I  (Unclassified),  Attitude  Estimation  Concepts,  is  de¬ 
voted  to  papers  surveying  the  general  theory,  modeling,  and  esti¬ 
mation  algorithm  concepts  of  use  in  estimating  spacecraft  attitude. 

Session  II  (Unclassified),  Attitude  Sensors  and  Sensing  Tech¬ 
niques,  presents  papers  examining  the  current  state  of  the  art  and 
future  potential  of  some  of  the  sensing  techniques  used  in  attitude 
determination. 

Session  III  (Unclassified),  Attitude  Determination  Systems  I, 
comprises  papers  regarding  attitude  determination  operational  and 
design  experience  for  several  different  satellite  systems. 

Session  IV  (Secret),  SPARS,  contains  papers  that  discuss  the 
hardware,  algorithms,  and  system  test  results. 

Session  V  (Secret),  Attitude  Determination  Systems  II,  con¬ 
cerns  papers  on  United  States  attitude  determination  nquirements 
and  classified  applications. 

Session  VI  (Secret)  is  the  Panel  Discussion.  An  edited  tran¬ 
scription  of  the  panel  discussion  and  audience  participation  appears 
in  Volume  II  of  these  proceedings. 

Also  included  in  the  present  volume  are  biographical  sketches 
of  the  chairmen  and  speakers,  and  a  list  of  the  symposium  attendees. 
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OPENING  SESSION 

KEYNOTE  ADDRESS 


Dr.  Ivan  A.  Getting 
President 
The  Aerospace  Corporation 
El  Segundo,  California 


KEYNOTE  ADDRESS 


Dr.  Ivan  A.  Oattlng 
Pr  add  ant 

The  Aaroapaea  Corporation 
SI  Segundo,  California 


It  la  my  plaaaura  to  welcome  you  to  thia 
Spaeacraft  Attltuda  Datarmlnation  Sytnpoaium  on 
behalf  of  both  tha  Spaca  and  Miatlla  Syatama 
Organiaation  of  tha  Air  Force,  and  Tha  Aaroapaea 
Corporation.  We  ara  plaaaad  to  ba  hoata  to  a 
aympoalum  on  a  vary  timaly  aubjaet,  a  aympoalum 
which,  wa  anticipate,  will  yiald  a  uaaful  exchange 
of ldaaa. 

Lot  ma  daflna  tha  topic  of  thia  aympoalum. 

A  ganaral  dafinitlon  of  apacac.aft  attltuda  datar- 
minatlon  lat 

Tha  aatlmatlon  of  tha  angular  oriantation 
of  a  meaningful  apacec reft -defined  co¬ 
ordinate  ayatam. 

In  earlier  daya,  attltuda  determination  waa 
often  an  implicit  part  of  tha  attitude  control  aya¬ 
tam.  Aa  control  ayatam  apeclflcatlona  became 
mora  praciaa,  tha  attitude  determination  require- 
manta  became  tighter,  and  tha  aatlmatlon  of  aat- 
elllte  attltuda  ltaalf  came  to  ba  recognioed  aa  a 
difficult  and  important  taak.  At  tha  aame  time, 
experiments  on  board  spacecraft  began  to  require 
highly  accurate  knowledge  of  aenaor  pointing 
dlreetlone.  In  tha  caaa  of  wide -field -of -view 
aanaora  tha  requlrementa,  in  addition  to  or  avan 
inataad  of  pointing,  emphaalaad  high-accuracy 
knowledge  of  tha  line-of-alght  direction.  Thia 
than  haa  lad  to  tha  read  for  praclaion  attltuda  de¬ 
termination.  Soma  examplea  of  early  attitude 
determination  Include  many  of  tha  gravity -gradient- 
atabilieed  eatellitee  with  auch  maaaurament  de¬ 
vices  aa  aun  aanaora  and  magnetometers.  Alao  in 
thia  category  are  several  of  the  early  Air  Force1  a 
OV1  aeries  and  auch  NASA  satellite!  as  tha  RAE. 
Examples  of  satellites  with  high-accuracy  attitude 
determination  requirements  are,  for  NASA,  the 
OAO  and,  for  the  Air  Foree,  tha  TACSAT,  the 
synchronous  communications  satellite- -both  of 
which  will  be  discussed  in  thia  symposium. 


Parhaps  I  ought  to  try  to  define  what  is 
meant  by  high  accuracy.  And  if  I  may,  I  would 
like  to  fall  back  on  a  comment  made  in  my  intro¬ 
duction,  regarding  my  involvement  in  high-accu¬ 
racy  radar.  Indeed,  during  World  War  u,  when 
we  went  to  industry  to  obtain  high-accuracy  gear 
trains  for  driving  antenna  mounts ,  I  found  to  my 
amassment  that  although  it  was  eaay  to  get  a 
gear  train  with  an  accuracy  of  one  angular  mil 
(about  four  minutes  of  arc),  it  waa  almoat  im¬ 
possible  to  improve  thia  by  a  factor  10.  In  fact, 
you  could  not  specify  shaft  concentricity,  bear¬ 
ing  concentricity,  or  diameters  of  gear  trains, 
and  have  them  produced  if  you  wanted  a  factor 
of  four  or  five  improvement  in  an  accuracy  ef 
one  mil.  Yet  In  the  bualneas  of  attitude  specif¬ 
ication  of  satellites  wa  conalder  one  mil  as  a 
useful  definition  of  where  high  accuracy  begins. 
Aa  a  matter  of  reference,  10  seconda  of  arc  or 
a  twentieth  of  a  mil  from  synchronous  altitude 
corresponds  to  about  one  mile  on  the  aarth  at 
the  nadir. 

Thia  la  roughly  the  way  in  which  attltuda 
determination  requirements  have  evolved.  It  is 
alao  important  to  note  that  thia  evolution  has 
occurred  very  rapidly,  and  the  requirements  for 
more  and  higher-precision  attltuda  determination 
ara  mushrooming.  Because  the  need  la  mush¬ 
rooming  whereas  the  field  la  still  relatively 
young,  it  aeema  vary  timely  to  bring  together 
people  from  NASA,  the  Air  Force,  industry,  and 
the  universities  who  are  Interested  in  this  area. 

It  ia  felt  that  thia  is  particularly  appropriate 
because  industry  has  expanded  considerable 
effort  in  studying  the  problem  of  satellite  attitude 
determination,  much  of  which  is  not  as  yet  avail¬ 
able  in  tha  open  literature. 

Attitude  determination  as  considered  in 
this  symposium  la  of  primary  interest  in  the 
area  of  unmanned  satellites.  This  can  be  readily 
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toen  by  noting  the  paper*  being  presented,  a* 
well  a*  the  fact  that  this  subject  1*  of  equal  im¬ 
portance  to  both  NASA  and  to  the  Air  Force.  It 
1*  of  course  reaionable  that  "automatic"  attitude 
determination  i*  mo»t  important  for  unmanned 
satellite*  carrying  experiment*  with  itniori  for 
which  pointing  direction*  need  to  be  held  and 
known  with  accuracy.  Because  of  th*  importance 
to  both  NASA  and  the  Air  Force,  it  t*  hoped  that 
thl*  symposium  will  help  to  ttlmulat*  a  reward¬ 
ing  and  continuing  cooperation  between  thee*  two 
agenda*,  aaiociated  contractor*,  and  academic 
professionals. 

In  attitude  determination  system*  the  atti¬ 
tude  aenior*  may  be  any  of  a  large  variety!  *un 
lenaor*,  magnetometer*,  horlcon  *en*or*,  *tar 
tracker*,  star  icannert,  gyro  package*,  com¬ 
bination*  oftheie,  and  other ••  The  estimation 
techniques  applied  to  the  output*  of  theae  aaneor* 
may  vary  from  uee  of  the  output*  a*  direct  mea- 
turemente,  to  *lmple  attitude  deduction  muthod*, 
to  highly  aophiaticated  estimation  and  data  pro¬ 
cessing  procedure*.  Th*  data  processing  may 
be  entirely  "on  board,"  or  may  be  don*  partially 


or  wholly  in  ground- based  data-processing 
centers.  In  all  cases  the  end  result  i*  an  esti¬ 
mate  of  the  angular  orientation  of  some  frame 
associated  with  the  spacecraft. 

In  view  of  these  considerations  the  first 
part  of  the  symposium  attempts  to  survey  the 
state  of  the  art  of  estimation,  data  processing, 
and  sensing  concepts  and  techniques.  Thste 
tools  combined  with  the  results  of  the  design, 
analysis,  and  hardware  experience  of  many 
contemplated  and  flying  systems  pressntsd  in 
ths  naxt  few  eesslons  should  help  to  define  the 
state  of  the  art  of  attitude  determination  capa¬ 
bilities,  From  such  a  dissemination  of  existing 
experience  and  knowledge  in  this  collection  of 
related  fields,  it  is  hoped  that  th*  panel  and 
audience  discussion  at  the  end  of  the  five  cessions 
will  not  only  be  able  to  define  the  current  etatu* 
of  attitude  determination,  but  also  determine  it* 
potential  and  discern  the  direction  which  It  should 
go  from  here. 

Again,  let  me  welcome  you  to  the  sympo¬ 
sium. 


SESSION  I 


ATTITUDE  ESTIMATION  CONCEPTS 


Chairman: 
Prof.  Harold  Sorenson 
University  of  California  at  San  Diego 
La  Jolla,  California 


Foundations  of  the  Problem  of  Attitude 
Determination  from  a  Spinning  Gyrostat  7 


A  Limited  Memory  Attitude  Determination 
System  Using  Simplified  Equations  of  Motion  15 


Modeling  of  Environmental  Torques  of  a 
Spin-Stabilized  Spacecraft  in  a  Near- 

Earth  Orbit  29 


A  Least-Squares  Attitude  Determination 
Algorithm  Utilizing  Starmapper  and  Sun 

Sensor  Time  Pulses  53 


Filtering  Quantized  Observations  71 


Applications  of  Nonlinear  Estimation  Theory 
to  Spacecraft  Attitude  Determination  Systems  89 
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(U)  FOUNDATIONS  OF  THE  PROBLEM  OF  ATTITUDE  DETERMINATION 

FROM  A  SPINNING  GYROSTAT 


Robert  E,  Roberson 
Consultant  Fullerton,  California 
and 

Professor  of  Aerospace  Engineering 
University  of  California,  San  Diego 
La  Jolla,  California 


ABSTRACT 

(U)  The  foundation  problem  of  attitude  determination  from  a  spinning 
gyrostat  is  to  establish  a  relationship  between  a  certain  body  frame 
and  a. certain  external  reference  frame.  This  work  showt  how  the 
sensor  frame  and  various  celestial  frames  appear  in  a  natural  way 
as  intermediaries  and  distinguish  between  the  relationships  that  can 
be  considered  known  and  those  that  must  be  obtained  by  observation. 
Modifications  introduced  by  attitude  control  considerations  also  are 
Included.  The  role  of  vehicle  dynamics  is  described,  and  the  nature 
of  external  and  body  frames  likely  to  lead  to  simple  predictive 
dynamic  models  are  described  for  the  case  of  the  gyrostat. 


INTRODUCTION 


(U)  Consider  two  dextral  orthonormal  vector 
bases  that  are  in  some  way  associated  with  a 
spinning  body;  an  "operational  frame"  0  =  (O  ] 
and  a  "sensor  frame"  S  =  (S  ),  Further, 
let  G  ■=  (G  }  bo  an  "orlentaflfon  reference  frame" 
whose  own°characterlstics  are  in  some  sense 
known.  In  this  work  we  examine  the  problem  of 
determining  the  orientation  of  O  with  respect 
to  G  using  observations  made  in  S.  We  shall 
not  leave  matters  at  this  level  of  generality,  of 
course,  and  will  quickly  focus  on  a  more  con¬ 
crete  situation.  We  shall  find,  however,  that 
many  of  the  ingredients  of  the  specific  problem 
are  brought  out  moat  clearly  by  considering  it  in 
its  more  general  framework. 

(U)  In  the  case  of  spinning  spacecraft,  a  well- 
known  method  for  determining  the  orientation  of 
the  body  is  based  on  the  detection  of  the  times 
at  which  the  images  of  celestial  bodies  cross  one 
or  more  body-mounted  slits. 

(U)  As  usually  applied,  the  purpose  of  this  kind 
of  attitude  determination  is  to  establish  the  iner¬ 
tial  direction  of  the  "spin  axis"  of  the  body.  The 
body  normally  is  considered  to  be  rigid,  except 


perhaps  for  the  inclusion  of  a  dissipative  preces¬ 
sion  damper.  The  dynamical  behavior  of  the 
latter  is  such  that  the  axis  of  maximum  moment 
of  inertia,  as  well  as  the  Instantaneous  angular 
velocity  voctor,  is  kept  almost  coincident  with 
the  body's  angular  momentum  vector  as  the  lat¬ 
ter  slowly  drifts  under  the  action  of  the  small 
natural  external  torque.  Under  these  conditions 
there  is  no  ambiguity  about  the  meaning  of  "spin 
axis";  it  is  simultaneously  the  principal  axis, 
the  angular  velocity  vector,  and  the  angular 
momentum  vector.  These  vectors  become  temp¬ 
orarily  misaligned  during  the  application  of  any 
control  torquee,  but  after  lone  transient  period 
they  again  resume  their  alignment. 

(U)  Because  the  traditional  accuracy  require, 
ments  in  astronautlcal  engineering  for  this  class 
of  attitude  determination  problems  have  not  been 
extreme,  it  has  not  been  customary  or  needful  to 
refine  the  dynamical  model  further.  All  factors 
considered,  past  problems  of  attitude  determin- 
ation  from  quasi,  rigid  spinning  bodies  have  had 
relatively  straightforward  ..  though  this  is  not  to 
imply  trivial  --  solutions, 
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(V)  The  situation  become*  *omewhat  different 
when  Ihvte  requirement*  are  changed  a*  follow*; 

1.  The  goal  1*  to  determine  not  Ju*t  the 
orientation  of  a  "spin  axle"  In  the  body, 
but  of  a  prescribed  body-asioclated 
vector  bails  having  no  special  dynam¬ 
ical  characteristics  of  Its  own; 

2.  Ths  spinning  body  is  not  rigid,  but  is  a 
quasi- rigid  body  containing  sourcss  of 
angular  momentum  --  a  quasi- rigid 
gyrostat) 

3.  The  requirement  for  accuracy  in  atti¬ 
tude  determination  ia  extrema. 

With  theee  changes  tha  problem  of  attitude  deter' 
mination  from  a  spinning  body  is  more  involved. 
It  is  difficult  and  perhaps  misleading  ••  even 
dangerous  --  to  extrapolate  directly  thseoneeptq 
the  experience  and  engineering  judgment,  the 
very  terminology  from  the  original  to  tha  modi¬ 
fied  problem. 

(U)  There  often  is  a  temptation  in  anglnaering 
practice  to  regard  a  problem  that  is  new  to  us 
as  a  naw  problem.  A  moment's  reflection,  how¬ 
ever,  tells  us  that  the  preeent  problem  -.  as  I 
have  stated  it  in  general  terms  -  -is  scarcely 
new.  Tor  it  is  exactly  the  problem  of  the  obser¬ 
vational  astronomer,  who  makes  his  observa¬ 
tions;  1)  from  the  surface  of  a  quasi- rigid 
spinning  body  that  almost  certainly  is  nearly  a 
classical  gyrostat;  2)  at  an  extremely  high  level 
of  precision;  3)  for  purposes  that  include  the 
ability  to  establish  the  orientation  of  other  earth- 
fixed  frames  with  respect  to  an  external  (real  or 
virtual)  orientation  reference  frame.  To  be 
eure,  he  may  have  found  it  more  convenient  to 
met  sure  an  angle  than  to  measure  (lit  crossing 
times;  he  may  have  found  it  more  convenient  to 
use  methods  of  data  reduction  that  are  amenable 
to  handling  by  desk  calculator;  he  may  have 
found  that  the  motions  undergone  by  his  bass  are 
both  slower  and  more  regular  than  those  under¬ 
gone  by  a  spinning  spacecraft,  But,  in  principle 
many  of  the  foundations  of  his  problem  are  ex¬ 
actly  those  of  ours,  and  ws  should  explicitly 
recognise  the  fact.  I  shall  not  pursue  the  anal¬ 
ogy  further  --  I  am  not  an  astronomer  -•  but  I 
believe  it  would  be  interesting,  and  perhaps  pro¬ 
fitable,  to  do  so. 

(U)  Tha  purpose  of  this  note  is  to  discuss  sotne 
of  the  foundations  of  this  kind  of  attitude  deter¬ 
mination  problem,  foundations  that  are  initially 
independent  of  the  specific  application  and  the 
details  of  how  ws  may  choose  to  implement  an 
attitude  determination  icheme.  In  this  way  ws 


ahull  be  able  to  see  how  our  Implementation  path 
can  bifurcate  at  various  points  and  to  get  a  clear 
perspective  on  the  choices  ws  face  in  finding  our 
way  along  it.  Special  emphasie  1*  on  the  role  of 
tha  kinematics  and  dynamics  of  ths  gyrostatlc 
observational  base.  If  I  accomplish  nothing  else 
in  this  work,  1  hops  1  wilt  be  able  to  demonstrate 
that  a  variety  of  '<alid  routes  exist  which  all  lead 
to  the  earns  place.  One  places  the  burden  of 
implementation  hers,  another  places  it  there, 
but  which  is  "best1.1  is  a  pointless  quibble  until 
each  haa  been  explored  and  perfected  to  a  level 
where  quantitative  comparisons  can  be  made 
among  thslr  results. 

THE  GRAPH 

(U)  Stripped  to  its  fundamentals,  the  interrela¬ 
tionships  of  our  problem  can  be  viauallaed  beet 
by  introducing  a  system  graph.  Ths  frames 
mentioned  previously  are  represented  by  ver¬ 
tices,  and  the  relative  orientations  between  them 
(ae  expressed  by  direction  coalne  matrices,  for 
example)  by  edges  of  ths  graph.  Ths  present 
work  specifically  concerns  attitude  determination 
from  slit  crossing  of  star  images,  so  it  is  con¬ 
venient  to  introduce  a  celestial  frame  X  with 
respect  to  which  star  line*  of  sight  are  defin¬ 
itively  known.  (Ae  one  example,  thle  might  be  a 
frame  established  by  the  mean  equator  and  mean 
equinox  of  1950.  0,  since  etar  catalogs  are  avail¬ 
able  in  that  frame.  For  definiteness  in  ths  dis¬ 
cussion,  this  "standard  freme"  X-  is  assumed 
in  the  sequel. )  Now  refer  to  Fig.  al  in  which 
ths  four  frames  --  the  standard  celestial  X-, 
ths  body-associated  S  and  O,  and  ths  external 
reference  C--  are  represented  by  points, 


Fig.  1.  Elementary  System  Graph 

A  typical  star  is  shown,  joined  to  ths  X_- frame 
by  a  solid  line  to  show  that  ths  relationship  is 
known  through  the  star  catalog.  Ths  connection 
between  the  8- frame  and  ths  star  is  dashed  to 
designate  that  the  relationship  has  partial  obserw 
ability.  The  relationship  between  G  and  Xg 


can  be  presumed  known  in  principle!  once  theee 
frame*  have  been  explicitly  defined,  for  the  G- 
frame  hae  been  poetulatedae  a  reference  frame 
external  to  the  body.  A*  illustration,  it  might 
be  a  frame  fixed  in  the  rotating  Earth  (to  the 
degree  a  frame  can  be  fixed  in  a  non-rigid  blob) 
or  eome  celeetial  frame  different  from  X_.  In 
any  case,  other,  aspects  of  the  GXg  relationship 
are  discussed  later. 

(U)  The  relationship  denoted  by  the  line  of 
crosses  is  the  one  deeirod.  Presumably  it  is 
not  amenable  to  direct  observation,  or  we  would 
have  no  problem  to  discus*.  It  follows  that  to  go 
from  O  to  O  it  must  be  through  the  chain  O, 

8,  star,  X_,  O.  (Naturally,  there  always  are 
possibilities  of  multiple  sensors  of  the  same  or 
different  types,  with  the  corresponding  possibil¬ 
ities  of  combining  their  outputs  to  make  the  in¬ 
ference.  I  assume  hare,  however,  that  the  ra¬ 
tionale  ia  to  be  developed  for  the  single  sensor.  ) 

(U)  The  one  link  obviously  missing  in  Fig.  1  is 
that  between  O  and  S.  How  that  gap  is  bridged 
depend*  on  the  details  of  the  application,  but 
basically  there  seems  to  be  two  ways.  First,  a 
direct  observation  might  be  possible  under  eome 
conditions;  for  example,  using  auto  collimators 
in  the  case  of  nearby  station*  on  a  sufficiently 
rigid  base  when  the  frame*  can  be  defined  ade¬ 
quately  by  accessible  optical  flats,  or  by  some 
similar  precision  optical  or  mechanical  link. 

This  option  usually  is  not  available  in  unmanned 
spacecraft.  Second,  simultaneous  or  intermit¬ 
tent  observations  on  an  external  phenomenon 
from  both  stations.  In  particular,  th*  common 
external  observable  may  b*  the  star  field  itself, 
though  it  might  conceivably  b*  something  sis*. 
We  assume  the  former  for  th*  purpose  of  dis¬ 
cussion.  It  might  be  asked,  if  direct  observa¬ 
tions  can  be  mad*  to  relate  O  to  a  celestial 
frame  -•  if  not  X,.  Itself,  at  least  one  calcul¬ 
able  from  X.  ••  why  the  frame  S  ever  enter e 
th*  picture  at  all.  The  answer  is  that  8  might 
not  enter  if  th*  sensing  capabilities  from  O 
war*  fully  equal  to  those  from  8.  In  practical 
caees,  however,  it  <~»n  happen  that  observations 
are  possible  from  O  only  occasionally  and  only 
on  some  subset  of  stare,  whereas  it  can  be  mad* 
frequently  on  a  large  star  family  from  S.  The 
astronomical  analog  might  be  a  situation  in  which 
O  lea  relatively  cloudy  sits  in  a  polar  latitude 
oquippcd  only  with  a  sonith  transit  (1  paint  the 
picture  black:  )  whores*  S  is  a  well-equipped 
desert  obeervatory.  Thu  key  it  that  the  rela¬ 
tionship  between  S  and  O  doss  not  change 
rapidly,  so  the  occasional  observations  from  O 
will,  aftor  somu  tlmu,  amass  enough  data  to  fix 
the  rulationehip  ovor  a  useful  time  period.  On 
the  olhur  hand,  the  rulationehip  between  O  and 
G  may  change  rapidly  and  not  very  predictably. 


(U)  In  any  cast,  the  establishment  of  the  OS  re¬ 
lationship  is  what  an  instrument  engineer  might 
call  "borasighting.  "  Ws  assume  here  that  it  can 
be  done  and  is  dons  --  that  the  missing  link  be¬ 
tween  O  and  S  is  filled  in  --  and  turn  our 
attention  primarily  to  tbs  chain  of  links  between 
S  and  G  via  Xg. 

(U)  Th*  situation  at  this  point  can  ba  naatly 
summarised  by  a  paraphrase  of  Leopold 
KRONECKER'e  famous  aplgram  about  the  real 
integers.  Th*  frames  thus  far  introduced  are 
tha  work  of  God;  all  els*  is  th*  work  of  man. 

SECONDARY  REQUIREMENTS 
AND  AUXILIARY  FRAMES 

(U)  Ws  first  dispose  of  th*  path  X_G  for  a  par¬ 
ticular  choice  of  O.  On*  can  imagine  various 
definitions  of  O  that  might  arts*  in  practical 
problams,  Th*  case  where  G  is  embedded  in 
th*  Earth  (modeled  as  a  rigid  body)  is  interesting 
for  illustrative  purposes  and  doss  represent  a 
situation  of  general  interest.  1  shall  not  cits  all 
of  th*  details  that  enter  ths  Xga  relationship, 
but  just  enough  to  show  that  its  complete  speci¬ 
fication  might  not  bs  trivial  in  practice. 

(U)  An  Earth- fixed  frame  could  b*  either  geo¬ 
detic  or  astronomical  in  nature,  and  these  do 
not  necessarily  coincide.  The  astronomer's 
pole  is  ths  "conventional  pole"  formallaad  by  a 
1967  1AU  resolution  as  th*  "CIO"  or  "Conven¬ 
tional  Origin.  "  It  is  implicitly  defined  by  defin¬ 
ing  tha  latitudes  of  five  stations  near  38°  N  a* 
their  average  latitudes  observed  during  th*  per¬ 
iod  1900-1905.  Th*  "true  pots,  "  in  th*  sent*  of 
th*  angular  velocity  vector  depart*  somewhat 
from  tha  conventional  pole:  the  observed  rela¬ 
tionship,  If  required,  can  be  found  from  th*  re¬ 
port*  of  tho  Bureau  International  de  l’Heure. 

Th*  prime  meridian  of  this  eyetem  is  defined 
from  th*  conventional  pole  through  the  Green¬ 
wich  eero  of  latitude.  (This  used  to  be  the 
mounting  base  of  the  Airey  transit  Instrument, 
but  1  have  not  troubled  to  verify  whether  this  i* 
still  the  case.  I  cite  it  merely  to  show  that  the 
choice  is  quite  definite  and  explicit. ) 

(U)  Geodetic  frames,  however,  are  baeed  on 
beet  ellipsoidal  fits  to  surface  geodetic  data. 
Although  the  conventional  pole  probably  will  be 
Imposed  e*  s  constraint  in  the  future,  it  ha*  not 
beon  in  the  past.  The  only  conventional  con- 
straint  on  the  various  geodetic  ellipsoid*  ha* 
been  that  in  each  caee  there  exist*  some  axle  of 
rotational  symmetry.  Note  also  that  there  is  no 
assurance  that  the  center  of  mas*  of  the  Earth 
liee  either  on  this  axis  or  in  the  plane  of  the 
equator  of  a  geodetic  ellipsoid. 


(U)  If  w*  suppose,  than,  that  frame  C  in  Fig. 

1  i»  geodetic,  w#  immediately  find  another 
frame  Interposed  between  G  and  Xg,  namely 
the  aetronomer'e  Earth-fixed  frame  which  I 
■hall  denote  by  G  . .  The  burden  of  eetabliehing 
the  relationship  between  O  and  G .  must  be 
on  the  geodesist. 

(U)  To  develop  a  rationale  to  establish  a  rela¬ 
tionship  between  X_  and  O  ,  we  must  recog¬ 
nise  that  the  obsart&tions  frotai  P  are  going  to 
give,  in  effect,  a  body  orientation  with  respect 
to  X-:  but  if  the  star  lines  of  sight  had  been 
treated  as  known  with  respeot  to  some  other 
celestial  frame  X_,  then  the  observations 
from  S  .  would  determine  the  body  orientation 
with  respect  to  that  frame  instead,  We  can,  in 
g  mtral,  Interpose  between  a.  and  X,  a 
frame  such  thati  first,  stkr  llnesBof  sight 
are  converted  periodically  from  the  catalog 
frame  X-  to  the  chosen  X_t  second,  G .  is 
related  to  X-  by  a  known,  preferably  simple, 
transformation.  The  exact  choice  is  open  ••  X, 
can  range  anywhere  from  X_  itself  to  a  . 
itself  ••  and  is  primarily  a  software  considera¬ 
tion. 

(U)  To  make  the  idea  more  definite,  consider 
the  following  example.  Suppose  that  X_  is 
chosen  as  the  celestial  frame  based  on  She  true 
equator  and  true  equinox  at  the  beginning  of  the 
day  under  consideration.  The  star  linss  of 
eight  have  to  be  updated  juet  once  a  day:  typic¬ 
ally  from  X„  to  a  frame  X.  baeed  on  the 
mean  equator  and  mean  equinox  at  the  beginning 
of  the  current  Beeeelian  year  (applying  correc¬ 
tion*  for  prececeion  and  proper  motion),  and 
then  from  Xj  to  X  by  mean*  of  the  so-called 
independent  day  numbers  which  correct  for  pre¬ 
cession,  nutation,  annual  aberration  and  furthar 
propar  motion.  On  the  other  eide,  G  le  re¬ 
lated  to  X-,  directly  by  Greenwich  apparent 
slderial  time  obtained  ueing  the  so-called 
"equation  of  tha  equinoxes.  " 

(U)  Other  choice*  than  thia  example  are  pos¬ 
sible,  of  course,  but  the  point  hae  been  mad* 
that  intermediary  frame*  between  X^  and  G  . 
generally  arise.  Th#  system  graph  now  has  the 
general  character  ehown  in  Fig.  2. 

(U)  Thi*  1*  not  th*  only  way  auxiliary  frames 
arise,  however.  We  have  not  apokan  thue  far 
of  any  requirements  on  tha  specs  craft  body  ex¬ 
cept  that  it  be  uaed  aa  a  baa*  for  attitude  deter¬ 
mination,  Suppose  that  we  now  make  the  addi¬ 
tional  aa  sumption  that  soma  kind  of  attituds  con¬ 
trol  requirement  la  imposed  on  tha  body,  as 
normally  ia  dictated  in  practice  by  the  opera¬ 
tional  roquiromant*  of  the  system.  Thia, 
pcrforcs,  introduces  two  new  frames.  One  is 


an  attitude  reference  frame  ••  wo  denote  it  R  .. 
with  respect  to  which  the  body  will  be  forced  to 
eatisfy  a  certain  approximate  kinemeticel  rela¬ 
tionship.  More  specifically,  a  frame  B  embed¬ 
ded  in  the  body  will  be  ao  constrained.  For 
example,  th*  frame  B  might  be  held  by  an  atti¬ 
tude  control  system  to  an  approximate  alignment 
vUh  R,  the  case  of  "throe-axis  control,  "  or  on* 
axil  of  B  might  ba  bald  approximately  fixed 
with  respect  to  R,  at  in  tha  ess*  of, a  spinning 
body.  (The  latter  la  of  primary  consideration 
in  the  present  work.. ) 


Fig.  2.  Flret  Modified  Oraph 

(U)  Th*  reference  frame  must  ba  presumed 
given  by  the  system,  typically  in  terms  of  some 
celestial  frame  or  an  earth  frame.  Thle  it  not 
to  say  it  is  fixsd  with  respect  to  either  of  these, 
merely  that  it  is  known  with  reepect  thereto. 

For  example,  e  very  common  attitude  reference 
frame  for  spacecraft  1*  that  In  which  one  axis  It 
th*  geocentric  vertical  through  th*  satellite. 

The  other  two  axes  could  be  aligned  In  and  nor¬ 
mal  to  the  orbit  plane:  th*  detail  it  not  import¬ 
ant  here,  In  either  cate  th*  R-fram*  is  deter¬ 
mined  solely  by  th*  satellite  sphemeria.  Any 
other  definition  of  R  will  have  th*  same  quali¬ 
tative  property,  namely  that  th#  frame  can  be 
assumed  known  with  reepect  to  an  Earth- fixed 
frame  (lay  0, )  or  a  celestial  frame  (say  X^) 
that  can  ba  ti*B  to  tha  rystem  graph  at  some  4 
indefinite  point  which  itaelf  it  known  with  res¬ 
pect  to  th*  other  celestial  frames.  For  definite¬ 
ness,  wa  tia  it  to  Xg  without  loss  in  generality. 

(U)  Thn  body  B- frame  may  ba  known  with 
respect  to  th*  other  body  frame*  S  and  0  in 
the  nominal  sens*.  It  could  be  established  by 
plan  axes,  by  th*  attitude  control  system,  or  in 
some  other  way.  Two  facte  are  Important, 
though.  First,  it  does  not  necessarily  have  any 
preferred  dynamical  characteristic*  of  its  own 
(at  principal  axes  might  have,  for  example): 


second,  Its  true  relationship  to  O  or  S  would 
have  to  be  estimated  as  a  part  of  the  attitude 
determination  process  if  there  is  any  reason  to 
establish  it  more  precisely  than  could  be  done 
from  a  priori  nominal  considerations. 

(U)  Figure  3  shows  the  system  graph  modified 
to  take  account  of  the  control  relationship.  The 
two  possible  definitions  of  R  are  depicted  by 
"a- dashed"  and  "b- dashed"  lines.  It  is  evident 
that  as  a  matter  of  logic  it  does  not  matter 
which  way  R  is  defined,  for  given  one  defini¬ 
tion  it  is  easy  enough  (in  principle)  to  define 
the  alternative  relationship  using  the  known 
X_Q  link.  It  does  make  a  difference  in  prac¬ 
tice,*  however,  depending  on  how  R  eventually 
finds  its  way  into  the  attitude  determination.  It 
has  not  yet  done  so,  at  the  stage  of  Tig.  3,  but 
if  it  does  the  definition  should  be  used  which  re¬ 
duces  the  burden  of  computation.  Tor  example, 
if  R  wore  determined  by  the  satellite  ephem- 
eris  and  if  it  were  established  that  the  "b- 
dashed"  relationship  were  the  more  natural  to 
use  as  a  part  of  the  attitude  determination  pro¬ 
cess,  it  would  Just  be  good  sense  to  ask  for  an 
sphemerls  with  respect  to  O  .  rather  than  XL, 
and  conversely,  if  the  "a-dasned"  relationship 
wars  the  one  directly  needed. 


Fig.  3.  Modification  for  Control 

ROLE  OF  ROTATIONAL  DYNAMICS 

(U)  I  shall  not  go  into  detail  about  the  observ¬ 
ables  of  our  problem,  but  a  few  general  state¬ 
ments  are  needed  as  a  basis  for  discussing  the 
role  of  the  satellite's  rotational  dynamics, 

(U)  Consider  a  star  sensor  in  which  the  S- 
frame  is  rigidly  embedded.  For  definiteness, 
visualise  the  8,  axis  as  the  optical  axis  of  the 
tensor  and  £he  8. S.- plane  as  its  focal  plane. 
Denote  by  XA  the  direction  cosine  matrix  of  the 
line  of  sight  to  a  particular  star  resolved  in  the 
X-frame.  (This  may  be  any  of  the  X-frames 
introduced  previously,  without  changing  the 


sx 

discussion  that  follows. )  Let  A  be  the  dir¬ 
ection  cosine  matrix  relating  the  S  and  X 
frames  according  to  S  •  A**X,  The  star  line 
of  sight  than  resolves  in  the  S-frame  at 
S  SX  X 

X  =  A  X  and  the  coordinates  of  that  star 
image  in  the  SjS^-plane  are  closely 

•l  •  -xf/x/  (i«  1,  3)  '  (1) 

where  c  is  the  focal  length  of  the  sensor  opti¬ 
cal  system. 

(V)  A  star  image  Is  detected  by  the  sensor  when 
the  coordinates  in  the  focal  plane  satisfy  the 
equation  of  a  slit  in  that  plana.  In  normal  eng¬ 
ineering  practice,  euoh  slits  are  linear)  say 
one  has  the  equation  ax  +  be  ■  1,  where  x 
and  s  are  rectangular  cartesian  coordinates 
in  the  8. 8,- plane.  When  s.  and  s  given  by 
£q.  (I  >  satisfy  this  equation,  1.  e.  vftien 

a(-cX®)  +  b(-cX38)  -  1(X28),  (2a) 

an  event  1s  detected.  We  can  write  this  in 
matrix  form  by  introducing  the  row  matrix 

a  •  [ca  ob  l], 

in  which  case,  we  can  say  that  the  matrix  equa¬ 
tion  characterising  a  star  sighting  is 

oX®  ■  crASXXX  .  0.  (2b) 

(If  one  takas  account  of  such  effects  as  slit  dsvi- 
ations  from  nominal  location  and  shaps,  focal 
plane  tilt,  and  optical  distortion,  the  right  hand 
side  may  be  a  small  nonlinear  term  in  Xs,  The 
conceptual  basis  can  be  described  Just  as  well, 
however,  if  we  set  these  deviation  terms  equal 
to  aero.  ) 

(U)  Recognise  that  Eq.  (2)  is  satisfied  at  a 
single  sighting  of  a  specific  star  in  a  speolflo 
slit.  As  the  satellite  rotatee,  many  etare  are 
sighted  sequentially,  generally  in  more  than  one 
slit,  and  a  different  value  of  the  time  is  attached 
to  each  event.  The  total  data  stream  from  the 
sensor  can  be  regarded  as  a  collection  of  "sat¬ 
isfied  equations"  having  the  same  general 
structure,  but  different  c- matrices  (perhaps 
sheeted  from  two  possibilities)  and  different 
X  -  matrices  (sslected  from  a  star  population 
that  depends  on  the  sensor  sensitivity,  field  of 
view,  satellite  motion),  Most  importent  for  our 
present  discussion,  the  data  stream  contains 


11 


sx 

metric* (  A  sampled  at  different  instants, 
Th«  matrix  A8*  la  on*  potaibla  character- 
ication  of  satellite  attitude,  and  it  change*  with 
time  ae  the  eatellite  rotate*. 

(U)  Attitude  determination  1*  the  uae  of  the 
data  at  ream  to  Infer  Asx  at  aom*  deaired 
time. 

(U)  But  suppose  the  star  line  of  aight  la  known 
in  the  R-fram*  inataad,  Equation  (2b)  be¬ 
comes 

OA  X  ■  0  (3a) 

and  the  earn*  attitude  determination  prooaaa 
determine*  ASR  instead.  If  the  line  of  aight 
were  known  In  the  Cl.  frame,  we  would  havo 

0ASOX°  ■  0  (3b) 

lnatead,  and  the  attitude  would  be  determined 
aa  a  relationship  between  the  8- frame  and  th* 
O-frame.  Figure  3  makes  It  dear  that  any  of 
these  alternative*  are  equally  aocaptable  as  a 
way- station  to  th*  ultimate  determination  of  th* 
deaired  relationship  between  a  and  O.  Th* 
point  is  that  th*  data  stream  has  th*  earn*  struo. 
tur*  in  all  of  these  eases,  ao  th*  name  type  of 
attitude  determination  algorithm  will  automat¬ 
ically  provide  th*  relationship  between  th*  S- 
fram*  and  th*  frame  in  which  the  star  locations 
are  given,  There  la  no  special  reason  to  regard 
an  X-freme  as  preferential  In  this  regard  ex¬ 
cept  that  th*  X*  change  much  slower  In  it,  and 
less  frequent  updating  is  required, 

(U)  In  this  discussion,  I  will  focus  only  on  a 
sequential  estimation  process,  though  this  is 
not  th*  only  way  on*  might  approach  a  deter¬ 
mination  of  the  A-type  matrix  from  th*  condi¬ 
tion*  of  slit  orossing. 

(U)  Although  th*  event  on  which  th*  observa¬ 
tion  is  bated  is  a  slit  crossing,  th*  actual  ob¬ 
servable  is  related  to  time.  It  might  bt  th* 
slit  crossing  time  Itself,  or  the  deviation  of 
that  time  from  a  predicted  value.  In  th*  former 
case,  th*  only  way  to  tie  all  of  th*  observed 
timee  together  and  to  th*  Instant  at  which  th* 
attitude  is  to  be  evaluated  is  by  a  knowledge  of 
the  satellite  rotation)  more  specifically,  by  a 
knowledge  of  how  th*  rotation  depend*  on  the 
pertinent  parameters  of  th*  vehicle,  In  th* 
latter  case,  exactly  th*  same  kind  of  knowledge 
i*  required  in  order  to  predict  a  time  of  slit 
crossing, 


(U)  In  short,  the  truo  role  of  th*  dynamic* 
and  kinematics  of  satellite  rotation  1*  to  estab- 
lieh  a  time  scale  for  the  way  the  observed 
events  ought  to  occur  If  the  satellite  parameters 
and  rotational  initial  conditions  have  the  values 
that  we  think  they  have.  The  observations,  of 
whatever  detailed  character,  ard  a  measure  of 
the  difference  between  the  vehicle  's  actual  be- 
havlor  and  the  way  Its  "predictive  model"  or 
"dynamic  model"  behaves.  The  deviations 
occur  from  four  source*! 

1.  errors  in  the  physical  measurement, 

2.  Imperfections  in  Eq,  (2) 

3.  errors  In  our  estimate  of  vehicle 
parameter*  and  Initial  state 

4.  imperfections  in  th*  dynamic  model 

Th*  deviations  actually  are  used  to  revise  our 
estimate  of  vehicle  parameter*  and  initial 
state.  Obviously,  if  the  revision  is  to  be  a 
valid  ono,  th*  errors  and  imperfection*  in 
Items  1,  2  and  4  must  be  reduced  as  far  as 
possible  to  avoid  contaminating  the  estimation. 

(U)  Th*  characteristics  w*  would  like  In  th* 
dynamic  model  arei  firstly,  that  deviations  In 
the  observables  bs  linearly  related  to  devia¬ 
tions  In  the  parameter  family,  for  only  In  this 
linear  case  is  th*  underlying  body  of  estimation 
theory  as  broad  as  we  would  Ukei  secondly, 
that  the  model  be  complete  enough  to  avoid  get- 
ting  substantial  deviations  simply  from  effects 
ignored  in  th*  model.  The  linearisation  re¬ 
quirement  implies,  in  effect,  that  a  description 
of  th*  rotation  cam  be  found  which  is  in  some 
sens*  "simple,  "  and  it  is  this  subject  that  I 
wish  to  address  in  th*  remainder  of  the  work. 

(U)  Th*  rotational  behavior  of  any  spinning 
body  is  essentially  nonlinear,  and  this  is  no 
less  true  for  th*  spinning  gyrostat  that  this  work 
views  a*  th*  spacecraft.  To  linearise,  on* 
must  expand  about  some  state  of  motion  --  pre¬ 
ferably,  about  some  strte  of  steady  motion  if 
th*  resulting  linear  equations  are  to  have  con¬ 
stant  coefficients.  The  problem  of  complete¬ 
ness  is  one  that  has  to  be  examined  separately 
for  each  eatellite  system  design,  but  for  many 
cases  it  is  enough  to  consider  the  "natural" 
motion  of  an  otherwise  rigid,  torque.fr**  gyro¬ 
stat  as  a  basic  guide  in  th*  sense  discussed  be¬ 
low,  and  to  assure  completeness  of  th*  model 
by  introducing  other  pertinent  effect*  as  per¬ 
turbations. 


1 


(U)  The  bade  question  we  fact  in  our  formula¬ 
tion  of  tha  dynamic  modal  i»  "What  motion  i*  it 
natural  to  linaarisa  with  raapact  to? 11  Suppose 
w«  find  that  there  ie  a  eat  of  "modeling  axei" 

M  in  the  body  whose  motion  with  r aspect  to  a 
set  of  "kinematic  rafaranca  axes"  K  is  a 
simple  motion,  in  tha  eansa  that  it  can  ba  rep¬ 
resented  as  a  small  deviation  from  a'  state  of 
steady  rotation,  Then  it  Is  natural  to  decom¬ 
pose  the  direction  cosine  matrix  in  the  middle 
of  Eq;  (2b)  so  that  equation  becomes 


<aA8M)AMK<AKX*X,.0  (4, 

Tha  quantity  \X  a  AXXfcX  is  calculable,  of 
course,  because  the  motion  of  K  is  known. 

Tha  quantity  qA®*"*  is  subject  to  estimation  in 
the  same  way  as  a  itself,  or  the  matrices 
Asb,  Aob  which  Tig.  3  suggests  might  be 
desired,  Tha  middle  matrix.  A"*  ,  it  the 
one  whose  behavlo*  is  linearly  predictive. 


RBMARKfl  ON  OYROBTAT  BEHAVIOR 


(U)  1  shall  conoluda  by  remarking  briefly  on 
the  major  candidates  for  frames  M  and  K, 
based  on  what  is  known  of  the  unperturbed  mo. 
tion  of  free  gyrostats, 


(U)  first,  how  does  a  spinning  gyrostat  look  to 
a  spaca-fixed  observer.  It  looks  muoh  like  any 
other  spinning  body.  We  picture  its  motion 
with  raspaet  to  inertial  space  by  introducing 
the  usual  Euler  angles  (Fig.  4)  relating  the 
body  frame  M  to  tome  inertial  frame  X, 
Under  certain  conditions,  we  find  that  the 
gyrostat  spins  wltK  almost  constant  rats  $ 
about  the  body  axis  ("spin  axis")  Mj,  while 
that  axis  preeettet  about  X3  at  an  almost 
constant  angle  6  at  an  almost  constant  rate  j. 
These  conditions,  basically,  are  that  the  body 
be  not  too  asymmetric  about  M3  and  that  X3 
be  normal  to  the  invariable  planet  that  is,  it  is 
aligned  with  the  total  angular  momentum  of  the 
satellite.  It  seems  reasonable,  therefore,  to 
consider  a  kinematic  reference  (K)  frame 
which  is  Inclined  to  Xj  at  a  certain  angle  60 
and  which  precesses  about  Xj  at  a  certain 
constant  rate  £q.  (It  turns  out  the  equations 
can  be  linearised  whenever  is  used,  but 
the  M3  body  axis  does  not  than  closely  follow 
the  corresponding  Kj.axis. )  This  K-frame 
is  not  precisely  any  of  ths  frames  depicted  in 
Fig.  3. 


X- 


* 

Fig.  4,  Euler  Angles  for  the  Spinning  Oyroetat 

(U)  However,  the  function  of  the  attitude  control 
aystem  is  to  keep  a  body,  say  Bj  (close  to  M3, 
presumably),  in  approximate  alignment  with  a 
corresponding  axis  Rs  of  the  R.frame.  To  the 
extent  It  does  this  successfully  and  efficiently,  it 
gradually  moves  ths  angular  momsntum  vsetor 
around  in  space  until  the  natural  praoesslonal 
motion  tends  to  kssp  B3  close  to  R3.  Under 
these  circumstances,  the  R.frame  could  serve 
as  a  kinematic  reference  frame  with  respect  to 
which  the  dyne  mi  cal  description  could  be  linear¬ 
ised.  But  if  the  R-frame  Itself  were  in  a  state 
of  steedy  rotation  about  R3  with  reepect  to  an 
X-frame  or  the  d-frame,  that  X-frame  or  C> 
frame  would  serve  equelly  well  as  the  K-freme. 

(U)  In  conclusion,  the  klnematlo  reference  freme 
should  be  based  on  the  system  angular  momen¬ 
tum,  but  in  cases  of  practical  interest  ons  might 
bs  able  to  select  the  R.frame,  Q- frame  or  X. 
frame  of  Fig.  3  as  equally  valid  approximate 
realisations  of  that  "most  natural"  choice, 

(U)  As  regards  ths  body  frame,  a  natural  choice 
exists  if  ths  gyrostat  is  not  a  gyrostat  but  a 
simple  rigid  body,  namely  the  choioe  of  the  M- 
frame  as  principalaxee  of  inertia.  These  ere 
the  axes  shout  which  the  angular  motion  under, 
gees  purely  periodic  excursions  in  ths  body,  so 
their  choice  effectively  removes  any  secular  part 
of  the  motion  that  would  tend  to  make  large 
angles  dsvslop  betwsen  K  end  M.  For  the  true 
gyrostat  thsrs  is  a  somewhat  analogous  sst  of 
eigenvalue. lik*  body  axes,  but  unfortunately 


t 

r 


their  use  does  not  result  la  an  angular  velocity 
vector  which,  except  for  the  component  on  Mj, 
ha ■  purely  periodic  components.  It  follows  that 

I  the  M-  frame  inevitably  drifts  secularly  with 

respect  to  the  K-frame,  and  linearisation  might 
be  Invalidated  if  the  drift  is  great  enough.  It  is 
possible  to  choose  a  body  frame  with  respect  to 
which  there  la  purely  periodic  motion  (no  seeu. 
lar  drift)  on  axes  M}  and  Mg.  However,  the 
frame  is  not  an  Inherent  property  of  the  body, 
being  initial- condition  dependent.  Most  lavas. 

V  tigators  have  a  distaste  for  working  with  this 

kind  of  body  frame. 
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(U)  Thus,  we  have  seen  there  are  certain 
"natural"  choices  for  the  M  and  K  frames  to 
use  in  the  dynamic  model,  and  that  there  are 
certain  approximations  to  them  which  we  would 
have  reason  to  believe  might  be  acceptable. 
Perhaps  most  important,  we  have  seen  that  a 
variety  of  paths  to  our  problem  would  seem  a 
priori  to  be  equally  acceptable.  To  decide 
rationally  which  is  "best"  cannot  be  done  with* 
out. pur  suing  each  to  the  point  wbere  all  relevant 
software  considerations  are  clearly  understood. 
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A  LIMITED  MEMORY  ATTITUDE 
DETERMINATION  SYSTEM  US ING  SIMPLIFIED 
EQUATIONS  OF  MOTION* 


by  Edwin  0,  Foudrl.it 
Marquette  Unlverelty 
Milwaukee,  Wleooneln 


ABSTRACT 

A  Sequential.  limited  memory  attltuda  determ  I  nation  ay  at  am  la 
davalopad  for  a  aptnnlng  ipacaeraft,  Tha  limited  mamory  aatlmatlon 
ayatam  la  darlvad  from  tha  leaat-aquare  procadura  and  employe  paat 
manure, nente,  both  to  da  lata  tha  old  data  from  tha  eovarlanea  ma¬ 
trix  In  ordar  to  maintain  1 1 1  tar  aanaltlvlty  and  to  augment  tha 
maaauramant  arror  tarm.  Tha  extrapolation  of  tha  ipacaeraft  atataa 
aeroaa  tha  mamory  Interval  la  made  practical  by  a  aat  of  almpllflad 
apaoaoraft  equation  for  which  long  computation  time  Interval!  are 
permitted. 

Tha  report  develop!  tha  almpllflad  equation!  whloh  employ 
time  averaging  of  the  flrat  ordar  perturbation!  and  demonatratea 
their  acouracy  In  tha  arc  eecond  range  over  a  time  Interval  aa  long 
aa  1000  aec.  The  concept  of  limited  mamory  and  tha  computational 
method  for  Incorporating  It  Into  a  Kalman  filter  computer  program 
la  derived.  Aaaulta  Indicate  that  tha  limited  mamory  ayatam  la 
euperlor  to  the  nonlinear  Kalman  filter  both  In  apaad  of  conver¬ 
gence  and  accuraoy  and  that  arc  aaoond  acouracy  for  a  apaceoraft 
optical  axle  la  feaalble  with  tha  limited  mamory  filter.  Tha  data 
Indleataa  that  a  aubatentla!  portion  of  tha  ayatam  capability  la 
duo  to  tha  augmentation  of  tha  maaauramant  error. 


imrowCTiw 

It  la  wall  known  that  tha  nonlinear  Kalman 
filter  baeomee  Inaanattlve  to  atata  and  parameter 
arrore  If  tha  atata  dlaturbance  nolle  la  negligi¬ 
ble.  Cl riC^3  Th| a  condition  exlata  for  tha  accu¬ 
rate  determination  of  attitude  tor  a  ap Inning 
aatelllte  In  an  eirth'e  field  environment}  In 
moat  caaaa  the  apaceoraft  motion  la  dlaturbed  by 
magnetic,  gravity  gradient,  aerodynamic,  tolar, 
and  micromatoorold  torquea,  Uaually  In  a  well- 
dealgned  aatelllte  In  a  near  earth  environment 
the  aerodynamic,  aolar,  and  m.cromateorold  torquea 
are  negligible,  while  the  magnetic  and  gravity 
radiant  torquea  thou  Id  Ue  modeled  If  aeeu racial 
n  tha  arc  aecond  range  are  deal  red,  (Note  that 
only  +he  mlcromateoroTd  torquea  can  bo  eenaldered 
random.) 


•  Thla  work  on  thla  report  la  apcnaored  In  part 
by  NASA  grant  NGR-30-001-009  and  In  part  oy  a 
eoniultent  agreement  with  Honeywell,  Ino. 


Concept!  tor  alleviating  tha  Inaenaltlvlty 
problem  tor  the  Kalman  filter,  propoaad  by 
Sehmldt,[l3  and  Jeiwlnekt ,CiD  and  Lea, CO  have 
been  dialed  aa  limited  memory  flltera.  Of 
thete,  Scnmldt'a  procedure,  which  augment!  the 
Kalman  flltor  with  an  additional  gain  term,  la 
tha  only  technique  wnlch  doea  not  add  coni Ida r- 
abla  computational  complexity  to  the  filter.  Tha 
maximum  likelihood  technique  of  Jaiwlnakl  require! 
the  batch  proceeilng  of  two  Kalman  flltera  evon 
tor  tha  i Imp  I  a  linear  ayatam, 

Tha  technique  of  Lae,  baaed  upon  tha 
weighted  laaat-aquarei,  hai  bean  extended  to  the 
nonlinear  problem  by  tha  author, [3]  The  nonlinear 
varalon  required  the  extrapolation  of  tha  ateto 
and  atata  tranaltlon  matrix  tcroia  the  memory 
length  nt  each  maaaurement  point,  in  general, 
thla  calculation  Inereeeea  oonelderebly  the  com¬ 
puter  ablution  time  and  complexity  end  the  tub- 
aaquant  filter  eoneldertd  Impraotlcal.  However, 
a  tat  of  equatlona  of  motion  for  The  ap Inning 
body  In  an  earth  torqued  environment  have  been 
developed  C®'J  whereby  exceptionally  long  Inte¬ 
gration  time  Intervale  can  be  uaed,  Thla  eub- 
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stent  tally  ra ducat  tha  computation  time  for  tha 
extrapolation,  Hence  tha  nonllnaar  weighted 
laatt-tquarat  tachnlqua  la  a  faatlbla  filter  for 
tha  attitude  determination  problem. 


Thla  papar  will  outllna  tha  approach  used 
to  davalop  tho  almpl 1 f lad  aquattona  of  motion 
and  demonstrate  their  accuracy  tor  thu  torquad 
spinning  body.  Tha  nonllnaar  least  squares 
llmltbd  memory  technique  will  be  outlined,  and 
tha  aquations  tor  tha  Imp lamentation  of  tha  fll- 
tar  presented.  Results  of  a  simulation  study 
damonatratlng  convergence  and  accuracy  capabil¬ 
ities  of  thla  limited  memory  schema  will  ba 
presented. 


Tha  moat  cowmen  method  of  determination  of 
tha  spacecraft  orientation  Is  tha  solution  of 
Euler's  equations,  Including  those  torque  effects 
which  may  ba  significant.  If  one  requires  solu¬ 
tions  over  a  long  period  of  time  or  needs  the  ' 
equation  solutions  as  only  one  atop  In  an  analy¬ 
sis  (for  example,  the  attitude  determination 
problem),  than  It  Is  of  Interest  to  determine  In 
whet  manner  tho  aquations  of  motion  may  ba  compu¬ 
ted  accurately  yat  rapidly  by  elimination  of  un¬ 
necessary  terms  and  by  Increase  In  the  computa¬ 
tional  spaed. 

One  of  tha  most  Interesting  methods  for 
analysis  of  spin  stabl Iliad  aatoTlItas,  developed 
primarily  by  V,  V,  BelataKI I ,C7H  uses  tha  con¬ 
cepts  of  tlma-avaraqlng  of  tha  torques  In  order 
to  determine  the  longer  term  motions  In  tha  sat¬ 
ellite  orientation.  The  method  Is  similar  to  the 
nonlinear  analysis  concept  of  slowly  varying  phasa 
and  amplitude  dlseuaaed  by  MeLaehl ln[8].  Using 
these  techniques,  QeletsKIt  has  bean  able  to  pre¬ 
dict  tho  effects  of  aerodynamic,  gravity,  and 
magnetic  field  torques  on  the  stability  and  ori¬ 
entation  of  a  satellite  over  dally  and  monthly 
time  Intervals. 

The  concept  employed  by  Ueletakll  Is 
equally  applicable  to  deriving  the  differential 
equation  form  for  calculating  the  satellite  mo¬ 
tion.  using  two  sets  of  transformations,  first, 
from  Inertial  to  angular  momentum  axes,  and 
second,  from  angular  momentum  to  principal  body 
axes  tha  resultant  differential  aquations  WD 
become 


where  r  ■  angular  momentum  magnitude 

T  ,  T  ,  T  ■  torques  applied  to  the 
"  *  *  spacecraft  along  tha  angu¬ 

lar  momentum  axes  x,  y, 
and  i 

lw,  lu,  I,  »  spacecraft  principal 
*  v  1  Inortlr 


and  whare  the  angles  t,  t,  ♦,  Q,  end  0  are 
defined  In  Figure  I. 

In  order  to  have  a  consistent  set  of  equa¬ 
tions  It  Is  necessary  to  develop  tha  torque 
equations  In  terms  of  the  stete  variables  and 
the  aartn's  fields  experienced  during  the  orbit. 
Tha  throe  torques  oonsldored  are  the  Interaction 
between  the  spacecraft  end  the  earth's  magnetic 
field,  tha  eddy  current  torque  resulting  from 
currents  Induced  on  the  spacecraft  by  the  earth's 
magnetic  field,  and  the  gravity  gradient  torque 
resulting  from  Interaction  between  the  mass  dis¬ 
tribution  end  the  gravitational  field.  Experi¬ 
ence  has  shown  that  these  are  the  major  torque 
contributions  for  a  high  density  spacecraft, 
However,  the  analytical  procedures  used  are  net 
limited  to  these  specif le  torques  and  are  equal¬ 
ly  applicable  to  solar,  aerodynamic,  and  others 
resulting  from  spacecraft  motion  or  orientation. 

The  magnetic  field  Interaction  torque  In 
the  anguler  momentum  coordinate  frame  Is 

Tfl  »  !*Im  X  a  (2) 
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where  B_  •  earth’s  magnetic  flat 4  vector 

M  •  body-exia  reslduel  magnetic  dipole 

E  ■  Eular  angla  transformation  of 

Figure  I  b,  roman turn  to  body  axla 

Carrying  tha  croaa  product,  aquation  <2)  be¬ 
comes 

<la  H*  BI  ■  <Sa  ®y 

Tj,  ■  <$*  M)  8W  -  B,  (3) 

<|J  M>  »y  »  <fij  M>  6* 

where  £(  la  tha  1  th  column  vactor  of  E. 


Tha  rnagnatlo  oddy  currant  torquaa  can  ba 
written  aa 

Tg  •  Kid*1  ^K^KlI  (4) 


whara  K  •  magnetic  eddy  currant  loaa  conatant 
fcjj  ■  total  angular  velocity 


Assuming  tha  angular  velocity  of  tha  angular 
momentum  axaa  It  negligible  In  oomparlton  with 
tha  angular  velocity  of  tha  body  axaa,  tha  eddy 
currant  torquo*  become 


Tg  ■  KIBIjJ  ATj»)  -  A^  (BTU)>  <5) 


where  A  •  matrix  relating  angular  velocity  of 
body  axaa  to  the  angular  momentum 
freme 

aJ  ■  <  *,  ♦,*  ) 


The  gravity  gredlent  torquaa,  available  In 
many  referencee  (e.g,,  9)  are  given  by 


where  u  ■  earth’s  grevltetlonel  oonatant 

R  ■  satellite  redlua  from  canter  of  eerth 
r|  ■  local  vertical  unit  vector 
l  ■  Inertia  diagonal  matrix 

The  local  vertical  unit  veotor  It  obtilned  In 
angular  momentum  coordinated  by 

r'«  T  A*1  <I,0,0)T 


whara  F“*  and  T  are  tha  tranaforme  from  local 
vertical  to  Inertial  frame  and  Inertial  to  angu¬ 
lar  momentum  frame,  respectively.  Tha  former 
frame  Involvee  tha  spacecraft  orbital  alamanta 
while  tha  letter  Involves  t  end  C.  Tha  term 
Lr*  een  ba  written  In  angular  momentum  coordi¬ 
nates  at  E"l LE_r'  so  that  aquation  (S)  bacomaa 


Equations  (3),  (3),  end  (?)  describe  tha  three 
torquaa  In  terms  of  tha  state  variables  and 
their  rates,  and  tha  orbital  elements  R,  n, 
t,  and  u  , 

A  aet  of  approximate  differential  aqua¬ 
tions  can  ba  developed  which  are  greatly  simpli¬ 
fied  over  tha  state  equations  (I)  whan  the 
torquaa  In  aquations  (3),  (3),  and  (7)  are  used. 
In  order  to  derive  tha  simplified  set,  time 
averaging  of  the  first  order  perturbation  torquo 
Is  used)  that  It,  the  first  order  torquaa  are 
obtained  aa  functlont  of  time  and  then  averaged 
to  ol Imtnate  those  terms  whloh  era  cycl Ic  and 
result  In  no  net  change  over  a  period.  This  la 
Identical  to  tha  method  uaad  by  Baletakll  C7], 

In  oontreat  to  nl a  development,  averaging  hare 
la  carried  out  for  tha  differential  equations 
Instead  of  on  the  general  I  tad  work  function  be¬ 
cause  the  torques  which  Influence  all  state  mo¬ 
tions  are  required. 

Tha  derivation  procedure  la  Illustrated 
for  a  symmetric  body,  Lx  •  ly  i  l,  ,  Assuming 
tha  torquaa  are  first  ordar  small  aquations  (I) 
become 

’0  "  *0  "  ®0  ’  V  0 


i  ■  b  rQ  cos  »o 

T- 

Equation  (3)  can  bo  uaad  to  develop  the  first 
order  torques  by  substitution  Into  equations 
(3),  (9),  and  (7).  Since  the  torques  beeoma 
functions  of  time  only,  a  sat  of  first  order 
perturbation  aquations  can  be  wr.ltten,  The 
resultant  equations  are  still  very  complex. 
Since  many  of  the  terms  eru  periodic  with 
periods 


T 


the  method  of  slowly  varying  anplltude  nnd 
phase  (81  can  be  employed.  For  example,  the 
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whore  GZ  ■ 


and  r^rj,  end  r j  ar*  component*  of  equation  (6), 

It  Is  possible  to  devwlop  a  similar  proco-  . 
dure  for  th»  nonsymmatrlc  Inertia  body,  However, 
the  Initial  solutions  ara  In  the  form  of  alllptlc 
functions  so  that  a  closed  form  solution  tor  all 
tarms  of  the  differential  aquation  similar  to 
aquation  (10)  Is  net  aval  labia.  It  it,  however, 
possible  to  /.ivniunte  thn  nonsyw«#tr!c  body  equa¬ 
tions  without  a  grnet  deal  of  Ineronso  In  com¬ 
plexity  and  hanca  possible  to  employ  tha  same  fil¬ 
ter  procedures  to  Ue  presented  for  either  symme¬ 
tric,  or  nonsymmotrlc  uody» 


In  the  preceding  section  a  set  of  time- 
averaged  perturbation  uquatlons  were  developed 
which  describe  the  motion  of  e  spin-stab  1 1 lied 
spacecraft  in  an  oarth  orbital  environment.  This 
set  afford*  e  narked  elmpl If Icstlon  over  the 
exact  equations  and  since  the  torques  are  time- 
averaged  It  should  be  feasible  to  employ  large 
Integration  step  si  tea  for  their  solution.  Since 
these  equations  possess  distinct  advantsges  when 
employed  In  the  computer  modeling  of  the  motion 
of  a  spinning  satellite,  an  accuracy  comparison 
between  the  tlme-evereged  sot  snd  the  exact 
equations  Is  Important. 

The  true  magnetic  field  experienced  by  a 
satellite  le  rather  complex.  However,  an  ap¬ 
proximate  field  can  be  generated  by  assuming 
that  th#  earth**  field  reeulte  from  a  dipole 
aligned  with  Its  spin  axle  end  the  satellite 
It  In  a  olrculsr  orbit. 

The  spacecrett  used  In  the  comparison  sim¬ 
ulation  was  tha  conceptual  mechanisation  of  a 
horlion  definition  experiment  by  Honeywell,  Inc, 
for  th#  NASA  Langley  Research  Center  C9J,  Th» 
nominal  spacecraft  uses  a  900  km,  sun  synchro¬ 
nous  orbit  with  the  following  parameters  snd 
Initial  conditional 

Ln  ■  Ly  ■  96.68  alug-ft* 

Lj  •  69.62  alug-ft2 

M*  •  My  •  M,  .  0.51092  x  I0*S  ft-d/Qause 
K  ■  0.141739  x  I0’4  ft-l-»#c/Gnusiz 
'  ■  Incllnstlon  •  97,36* 
u  •  trg,  of  lalltuiw  «  97,3* 

0  ■  long,  of  ascending  nod*  ■  0* 
orbital  ret#  ■  ,0634*/e#c 


Hi  •  0,00369471  rad/sec| 

'  l  body  axis  engu¬ 

lf-  0.31415926  rad/sacj  lir  i*»tes 

*  ■  ♦  •  0* 

S  ■  .9797* 

r  ■  20,6 1 61 7 1 34  0  -  ft  -  sac 
t  -  99.9999* 

C  ■  314,4194* 

For  tnla  comparleon,  both  sats  wera  pro¬ 
grammed  for  digital  computer  eolutlon  using  IGM 
7040,  This  section  praeents  ths  comparstlvs  re¬ 
sult*.  Since  the  computer  used  was  limited  In 
storage  end  computet  I  one  I  epeed  wee  reduced  be¬ 
came  a  large  portion  of  the  program  wee  run  In 
double  precision,  It  was  decided  to  program  the 
symmetric  body  end  Ihclud*  only  the  magnetic  field 
ef facte, 


Using  the  above  conditions,  the  true  equa¬ 
tions  (I)  and  approximate  equation*  (10)  war* 
solved  using  a  4th  order  Rungo-Kut+a  Integration 
routine  with  a  fixed  Interval  else  of  0,1  esc. 
Figures  2-9  compere  th*  eolations.  Figure  2 
shows  the  motions  for  the  engles  t  end  (  over  s 
40  see  time  period.  This  short  time  Is  used  to 
Illustrate  the  effect  of  evereglng,  thet  Is,  th# 
exact  solution  hts  oscillations  not  present  In 
the  averaged  eolutlon.  The  averaged  solution, 
however,  duplicates  precisely  the  long  term  mo¬ 
tions  of  the  exact  set.  Solutions  over  periods 
of  600  sec  tndlcete  differences  In  magnitude  to 
be  of  th*  order  ot  0.0001*. 

Figure  3  compares  the  cone  angle,  6  ,  for 
th*  exact  snd  approximate  solutions  over  a  600 
sec  Intervel.  In  this  eeee,  the  exaot  solution 
hat  approximately  •  20  eec  period,  which  makes 
th#  exect  motion  difficult  to  repreeentj  hence 
th*  envelope  has  been  Indicated.  Again  th*  angu¬ 
lar  difference  le  of  th#  order  ot  0.0001*. 

Figure  4  compares  tho  angular  momentum  for 
the  exect  end  approximate  solutions.  Again  the 
approximate  solution  (which  closely  approximates 
the  mein  of  th*  exect  solution)  represents  the 
evereg#  change  hut  doos  not  hovo  th#  oscillations. 

The  arrer  In  th#  body  angular  spin  posi¬ 
tion  Is  represented  by  tn#  term 

♦ 


Thl*  term  Is  t  nor#  reel  title  representation  ot 
the  spin  than  the  Individual  Euler  angles.  For 
exempt*.  *t  th*  conditions  a  ■  0,  tha  torque 
terms  In  equation  (1)  are  Infinite  although  no 
tlngulirlty  exists  In  the  equations  (10),  Simi¬ 
larly,  Grosch  CIO]  shew*,  for  small  con*  snnle, 
f,  th*  sum  end  difference  of  tho  spin  snd  pro- 
cots  Ion  angle  ere  more  useful  for  system  repre¬ 
sentation.  Figure  9  shows  th*  spin  position 
error  over  *  time  Interval  of  600  see  to  bo  lest 


tiki  ,  •« 


rigurtt  2  Comparison  of  Exact  and 
Aversged  Mpmsntwi  Solution! 


than  0.0002*,  Aa  shown  In  rafaranca  6, furthar 
reduction  of  this  srror  should  ba  possible  by 
more  accurate  selection  of  the  Initial  angular 
momentum  for  the  approximate  aquations. 


whor#  x  ■  augmented  state  vector  model  of 
”  system  Including  any  unknown 

parameters 

^(k)  *  measurement  equation 
M(£)  ■  measurement  model 
w  ■  system  noise 
vOO  ■  measurement  noise 


I#  If 

TIMS,  IKS. 


figure  4  Exact  and  Avoraged  Angular 
Amentum  Solutions 


It  Is  assumed  that  the  noise  Is  white,  gauaslan  ) 

with 


cQjp  ■  ■  o 

E^VT3  ■  R< k )  Kt  -  k)  (12) 


figure  3  Exaot  and  Averaged  Cone 
Angle  Comparison 


Ths  computer  solution  comparison  Indicates 
that  the  approximate  equations  of  motion  are  cap* 
able  of  representing  a  spinning  satellite  In  an 
earth's  field  environment  to  within  one  lac  ovor 
long  tlmo  Intervals  and  hence  should  ba  adequate 
for  precision  attitude  determination. 


LEAST  SQUARES  LIMITED  MEMOS’  FILTER 

Tho  general  modal  for  a  dynumle  system  and 
Its  measurement  aquations  are 

X  .  £  !x,t )  +  £ 

£  (k)  •  H  <£<k),k)  +  *<k)  (II) 

k  ■  I,  •••,  p 


ECwwt]  ■  Q(t)  4(y  •  t) 


In  the  attitude  determination  problem  consi¬ 
dered  the  naqlsoted  torques  should  not  be  repre¬ 
sented  es  gausslen  white  noise.  Hence  Is  zero. 


Flguro  5  Spin-  Precession  Angular 
Error  Comparison 
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The  weighted  leatt-eauere*  to  I  u+loo  for 
in  Improved  **tlm*t#  for  &  (p),  given  on  Initial 
•it (mot*  ifi  <p > <  I • 


In  addition  to  tha  updete,  th*  atat*  tranaltlon 
matrix,  #<t,p>.  It  needed  to  ovtluat*  th*  tarmt 
V(k)  of  aquation  (I4)j  fhat  It, 


S(p)  •  j<o  <?)  + 


0(k>9T(k> 


[  S  $(k)ITl/2  <k)(£<k)  -H  <^o  #w> 
\k-q  j 


(13) 


where 

V(k>  ■  7  H<x(k>,k>R",''2<k)  .  (U) 

i<P>  *0 


Equation  (13)  aaiumta  that  only  th*  meaaurement* 
k  cl  Ho/pD  *r*  amployad,  and  hanca  can  pa elatal- 
flad  at  a  1 1  ml  tad  memory  lyatam. 

To  obtain  a  aaquantlal  limited  mamory  filter 
algorithm  It  la  nacaaaary  to  formulate  a  method 
for  adding  new  data  and  eliminating  old  data  aa 
th*  now  maaauramantt  or*  taken.  Th*  moat  common 
method  uaaa  tha  atandard  Invar* I  on  lemma  to  han¬ 
dle  th*  matrix  Invaralon  In  aquation  (1.3).  Adding 
a  new  (p+l)  term,  thla  aquation  can  ba  written  aa 


V'.d-  Pjq  5(k,?T<k> 


.  h 

\k.q 


(13) 


$<k)9T(k)  ♦  9<p+l )  «T(pt|) 


■  P, 


'p.q-Pp.q  V(I  t  V>p><tV)-'vTPp|C 


Subtracting  tho  qth  farm  glvua 
pp+l,P+l  *  pP+l,q 

( |h) 

+  Pptl>I-0TPp+l,qV)'lVTPptl 

Th*  filter  algorithm  require*  a  method  for  ex¬ 
trapolating  tha  aatlmata  and  tha  covarlanet 
matrix  to  th*  new  maaauraman.  point,  thetji 
calculating  £0  <p+l)  and  pP(q<P't,ll  given  ip  (p) 

and  p„  _ ( p-H > •  Por  th*  nonlinear  cat*  (again 
P»7 

an  approximation  from  the  I Inatr  cate)  th* 
aquation*  developed  by  Cox  £8}  and  other*  thould 
b*  adequate.  They  art 

x(p)  •  £<£(p),p> 

°  (ptl)  •  ♦(p+l,p)  »  (p>  ♦T(p+I,p) 

p»d  r,c 

(17) 


7x(p)H(a(k)*k) 

r  »h  »x,ik) 

?  TxjnrT  xr^Tpr 

« 

9 

1H  »Vk> 

*  irr^r 

*  7Itk)  H(£*k) 


(18) 


Not*  that  In  evaluating  aquation  (I*)  at 
k«g  It  I*  n*c**»ary  to  Integrate  both  »tat*  and 
at«t*  tranaltlon  backward*  from  k  ■  p+l .  In  thl* 
prooatt  It  becoma*  ftatlbl*  to  evaluate  maaiura- . 
mant  error  portion,  that  la,  th*  aeoond  term  In 
aquation  (13) 

Pl'  0(k)R"' /2(k> (y(k)  -  H(5j)  ,k)) 

K*q+I  “ 


at  all  point*  within  tha  Interval  at  which  time 
eorraapond*  to  a  maaauremant  point,  Thaaa  term* 
ean  ba  uaad  to  reinforce  th*  error  and  hanca 
conceivably  obtain  the  Improved  convergence  and 
accuracy. 

The  advantage  of  the  simplified  aquation* 
developed  In  th*  provlou*  aactlon*  become*  ap¬ 
parent,  Mth  tnam  It  la  pooalblo  without  a 
prohibitive  Incroers  In  computer  time  to  ovale- 
et*  th*  filter  ouuetlon  at  k  ■  q  because  ox- 
tremaly  long  Integration  Interval*  (  At  ■  300 
sac)  nra  feasible,  'ones  In  a  tew  cycle*  through 
tha  hungo-Kutta  Integration  routine  the  vnlu*  of 
•tat*  end  »teto  transition  can  be  obtained  at 
k  ■  q  and  the  limited  memory  filter  1 rnp I amentod . 


ATTITUCE  PET  FP”  I  HAT  I  O' I  "PAS  UPEMENT  SVSTF:‘ 

The  previous  suction*  have  developed  a 
leaet-iquare*  limited  memory  filter  end  a  aot  of 
simplified  equetlon*  which  ere  computet  I  or.el  I  y 
compatible,  Th#  remaining  feature  of  any  atti¬ 
tude  determl nation  tyatom.  tho  mnesuroment,  will 
ba  dl»cu»»ed  In  thl*  auction, 

Tha  me*»uroment  It  bated  on  »ter  trantlt 
acrot*  a  body  mounted  teloicope  at  employed 
originally  for  Project  Scanner,  Th*  moeturament 
I*  taken  whan  the  silt  piano  of  tho  tolaicopa 
and  the  ater  ar#  colcldant,  Th#  tlm*  of  occur¬ 
rence  of  thl*  event  la  recorded  and  It  la  thl* 


♦  0(p> 


tlM  which  I •  employed  to  determine  the  precise 
vehicle  attitude. 

The  geometric  condition  setlafled  la 
H(x(t),t)  ■  a!  ETa.  -  0  (19) 


tha  addltlv#  no  I  aw  term  It  VT  H  x  I  n 

a  “ 1  k 

Aaaumlng  E[n]  ■  0  and  uncorrelated  with  4, 
than  tha  maaauranant  nolaa  covariance  R(x) 
given  by 


whara  a^  ■  rth  a  1 1 1  normal  vector 
a.  ■  Ith  atar  vector 


Qealdea  tha  meaaunement  aquation,  tha  meaeura- 
ment  gradient,  Hlx^k),  la  required  In 

aquation  (IS).  Thla  la 

9  H(k)  T  »E  T 

TTT5T  ‘  Sr  7TTb 


R(k>  -  E  [<vj  Hi  n)2]  (22) 

-  “  k 

Aaaumlng  i.  t,  1,  and  r  are  negligible  In  com- 
parlaon  to  *  and  p  and  that  the  f I  rat  terma  In 
equation  (10)  predominate,  than 

*<k>  "  E  [<*rTTf"il  +  ^{§T,I 

5  2  r2  I  51  (2S> 

b  cos2  »>2  —  nz 

L  2  J 


pH(k) 

iZm 


T  JE  . 

■  £  -*yTii 


»H(k)  r  9E 

■Rjnrr  •  ^  ir  •, 


■  sj  =71 


It  one  further  eaaumaa  that  tha  random  ver- 
lablaa  ^(k)  can  ba  replaced  by  thalr  preient  aatl- 
rataa  and  tha  eoverlancaa  ara  negligible  In  com- 
pari  ion  to  tiia  ream,  then 


TT  Ti|  *  II  T- 

b  col2  6)2  _d  ~1  3  2(k) 

i  2  J  n 


jHtk)  .  „  . 

Trnrr  ■  n  1  "  *• n 


In  addition  to  tho  gradient,  the  eoverlanca 
of  tho  additive  nolaa  In  the  measurement  aquatlrn 
la  required.  Tha  actual  meaeurorent  aquation  (19! 
does  not  oontaln  time  explicitly  But  time  la  the 
quantity  recorded  at  each  measurement  event, 
while  thla  fact  doaa  not  affect  the  meeaurarent 
oquatlon,  It  creates  a  problem  alnca  the  additive 
nolaa  term  In  tha  measurement  aquation  la  not 
readily  available.  An  approximation  to  the  addl« 
tlvo  nnlae  can  bo  made  by  ecnelderlng 

Htxltf))  *  H(x(k))  *  ^  „  (21 ) 

wh«ra  k  »  meaaurod  time 

t  ■  true  tiro 

n  ■  rancor  time  error 

‘Jotlnq  that  ^  •  0  *o  *hnt 


■•'HI  la  It  la  true  that  :  na  reaauromenta  nolaa  In 
above  form  la  correlated,  the  usi  of  R!k)  aa  tiia 
wetghtlnn  matrix  la  more  daalrable  then  attempting 
*o  proceed  an  alternate  form  of  t'o  mueaurement 
oquatlon. 

Tiit*  veluu  jaoil  for  la  dater-lnod  *rom 
t.'s  vert  of  natre*4  anc  'fomane/ik  ,:»f,  12,  i.-r.o 
*  -r*i  'of-,  analytical  ly  and  qxporlmo’.  ful  I  ■/  t  .nt 
+'>><  standard  CuvIaMcn  o,  fur  u-itl-otlnf  thm 
cmtjr  a‘  tl  i  star,  cerrjt;.cnbs  to  th:  equation 


■\r. tui'l tin  r  +1  magnitude  iter  has  tngulnr  errors 
wlt'i  c  IT  tec  star.dare  ovv’rtlot!,  equation  (25) 
la  uv..‘  to  generat,  t  •j  standard  Javlnticn  used 
In  anuatlon  (24), 


CO'PirTER  SIMULATION 

A  computer  simulation  using  the  above 
formulation  of  the  attitude  determination  prob¬ 
lem  hna  bean  developed  for  an  IBM  7040  In  order 
to  study  tha  effectiveness  of  tha  limited  memory 
procedural,  Tha  almulatlon  oonslste  of  two  pro¬ 
grams,  *no  tint  to  generate  atar  sighting  and 
tha  seeonn  to  employ  tha  nonlinear  lent  squares 
limited  memory  estimation  concept  In  determining 
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th*  ettltud#  of  typl'cel  apacecreft.  Only  th* 
eeoond  of  thee*  program*  I*  dlecuaeed  In  this 
report. 

The  computer  flow  diagram  for  th*  limited 
memory  aatlmatlon  ay  item  la  ihown  In  Figure  8. 
Thl*  progran  la  relatively  itra  I  ght-forward  In 
that  It  follow*  a  fairly  atandard  pattern  for 
eeguentlel  filtering  with  a  tew  exception*.  The 


1 1  ret  I*  th*  method  for  etorlnQ  ater  deta  In  th* 
marrory  end  th*  method  by  which  new  data  I*  added 
and  old  deleted.  Du*  to  th*  fact  that  th*  IBM 
7040  wa*  limited  to  16,000  word*  of  atorage,  It 
wae  decided  to  read  a  **qm*nt  of  atara  Into  th* 
momory  from  tap*  and  proceea  thee*  atara,  Whom 
the  eequantlal  filter  noodod  a  now  atar  not  In 
th*  memory  then  thoe*  atara  no  longer  n**d*d  In 
th*  filter  are  eliminated,  th*  **t  of  at* re  In 
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Figure  6  Limited  Memory  Computer  Flow  Dlegrem 


tha  memory  but  ittll  required  by  th*  filter  ar# 
shifted, and  new  atere  reed  In,  The  tap*  li  than 
retndexed  bach  to  tn#  propar  point, 

Tha  aacond  la  tha  method  by  which  »+ar*  can 
he  aalactad  tor  processing  within  tha  naxt  data 
cycla  for  tha  leant  squares  1 1  ml  tad  memory  ay 
atam,  two  alternatives  using  random  aalaetlon  of 
star*  ar*  available.  The  flrat  uaaa  an  ordered 
sequence,  and  tha  second  selects  a  f'xad  step 
alia  and  than  select*  a  particular  atar  with  a 
band  of  5-10  atar*  about  that  fixed  point,  Thl* 

I  attar  taehnlqu*  leads  to  a  somewhat  more  uniform 
aalaetlon  of  otars  across  filter  memory  length, 

The  Integration  of  tha  atat*  and  the  solu¬ 
tion  of  tha  atat*  transition  matrix  use  a  fourth 
ordor  Runge-Kutte  routine,  Tha  atat*  transition 
matrix  Is  used  to  extrapolate  the  covariance  ma¬ 
trix  but  not  exactly  as  Indicated  In  aquation 
(17),  Instead  the  P 1/2  concept  as  reported  In 
rafaranc*  13  Is  uaad.  This  latter  procedure 
*1 Imlnataa  the  need  for  double  precision  In  tha 
calculation  of  p  while  at  the  same  tin*  assuring 
a  poaltlv*  definite  oovsrlanca  matrix, 


Tha  processing  of  atar  data  for  a  particu¬ 
lar  measurement  update  Is  straight-forward,  Tha 
newest  atar  la  processed  first  as  In  tha  Kalman 
filter  and  than  If  the  least-squares  limited 
memory  prooadur*  la  being  used  any  additional 
previously  measured  stars  ar*  processed  until  all 
selected  stars  within  the  memory  window  have  been 
Included. 

Once  all  atar  points  within  tha  window  have 
been  processed  the  new  oovarlence  matrix  Is  cal¬ 
culated.  Cue  to  the  feet  that  this  solution  may 
cause  difficulties  because  of  large  subtractive 
chengds  In  P,  the  oomputer  augments  ?  In  two 
etqpa.  first  adding  the  new  data  anc  than  sub¬ 
tracting  the  old  det*.  Before  the  subtraction 
to  P  Is  acoompl I  shod,  Its  effect  Is  tested  by  the 
equation 

?TP.  .  $  <wt  (28) 

p*q 

If  thl*  condition  Is  not  satisfied,  Is  not 
augmented  by  deletion  of  the  old  data. 

Using  the  new  ?  matrix,  tha  new  estimate 
Is  obtained  and > at  specific  points,  the  accuracy 
of  the  estimate  Is  compared  to  that  of  the  awact 
solution. 


SIMULATION  RESULTS 

The  simulation  results  employed  s  space¬ 
craft  modal  similar  to  that  used  for  the  study 
of  the  perturbation  equation  accuracy,  Only  the 
eddy  currant  torque  was  used  In  ordor  to  simplify 
modal  Ing,  This  perimeter  was  assumed  to  be  un¬ 
known,  and  hence  augmented  to  tha  stats  victor, 

In  addition,  changes  In  Initial  oondltlona  were 
made, 


The  placement  of  th*  stars  shown  In  Tab  Is  I 
would  be  similar  to  those  In  ■  typical  low  alti¬ 
tude  orbit  where  earth  blocksg*  might  eliminate 
stsrs  within  *  MO*  portion  of  a  revolution  for 
a  vehicle  with  It*  nominal  spin  axis  normal  to 


ti  orbital 

plan*. 

TA3LE  1 

Stsr 

Msg. 

AS. 

Elevat 

1 

+  1.5 

10* 

0* 

2 

+2.S 

-3* 

70* 

3 

+1.0 

10* 

183* 

4 

+3,0 

0* 

223* 

The  stsr  magnitudes  war*  uitd  to  walgh  the  accu¬ 
racy  of  tha  alghtlng  data  according  to  aquation 
(2J5  with  a  +1.0  nop Inal  magnltuda  atar  aaaumad 
to  hava  a  c  «  1C  t*J  megnltdu*.  The  filter 
assumed  all  stars  wur*  +1.0  magnitude, 

The  capability  of  least  squares  limited 
memory  filter  considering  various  factors  such  as 
memory  length  and  number  of  atere  processed  at 
each  sat  I  mat  I  on  point  Is  oomparad  with  the  Kalman 
fl Iter  In  Figures  7-11, 

As  noted  previously,  It  Is  feasible  to  In¬ 
corporate  within  ths  filter  additional  measure¬ 
ments  since  th*  augmentation  of  the  covariance 
matrix  require*  the  Integration  of  th*  state 
backwards  to  the  qth  measurement  time,  Equation 
<  1 3)  considers  th*  eumetlon  from  the  time  q+l 
to  p+l  but  th*  program  Incorporates  ths  qth  mea¬ 
surement  error  (Instead  of  q+l)  as  this  does  not 
seem  to  be  a  serious  alteration  of  the  leaet- 
squsras  procedure,  (It  ehould  be  noted  that  th* 
qth  measurement  error  Is  always  available  but 
the  q+t  may  not,)  This  positive  weighting  of 
th*  qth  measurement  Is  different  from  th*  limited 
memory  scheme  of  Lee  [4]  who  proposed  that  thle 
measurement  error  should  be  subtracted.* 

■fltn  theso  considerations  In  rind,  figures 
7-11  present  tho  estlnttlor.  error*  In  the  x-x 
Inertial  plino  orientation,  angular  momentum, 
i,  8,  end  K,  ruspeetlvely,  Plot*  that  the  Iner- 
tint  pline  orientation  and  spin  angle  ire  reerly 
Identical ,  The  former  Is  useful  In  ssssselng  tn* 
•ceurscy  for  e  hortion  definition  experiment.) 
Considered  *r*  estimate*  with  s  memory  length  of 
100  and  200  stsrs  and  *n  Inclusion  of  either  5  or 
8  stsrs  within  th*  memory  bend.  These  reeul+s 
are  compared  to  (he  nonltnwer  Kslmen  filter.  In 
most  esses  th#  results  are  substantially  Improved 


*  Actually  this  study  hss  not  Investigated 
th#  methods  used  to  weight  th*  term#  of  equa¬ 
tion  (13),  When  the  model  end  system  ar*  Iden¬ 
tical  equation  (13)  Is  eorrect  but  when  model 
end  true  system  differ,  the  method  of  weighting 
end  for  thet  metter  th#  method  for  error  com¬ 
parison  (I.#.,  whet  Is  meant  by  bast  fit)  era 
no  longer  strelghtfcrwsrd, 


both  In  torn *  of  more  rapid  convergence  as  wel I 
as  better  accuracy,  For  example,  the  syetem  with 
nsmory  length  of  200  atara  and  9  atars/plghtlng 
maintains  an  x-i  InarMal  plana  orientation  accu¬ 
racy  of  10  aae  after  79  atar  light  Inga  and  an 
angular  momentum  accuracy  of  ,00002  i-ft-sec 
attar  114  atar  alghtlnga.  Thla  latter  la  a  con¬ 
siderable  Improvement  over  the  Kalman  filter 
which  barely  raachaa  ,00002  f-ft-aec  at  399 
alghtlnga,  Theee  reaulta  are  dlaplayed  conale- 
tantly  over  the  wnele  group  of  limited  memory 
oondltlona  with  the  poaalbla  exception  of  cone 
angla,  In  addition  the  estimation  errors  tend 
to  be  mors  randomly  distributed  and  not  subject 
to  the  bias  error  eausad  by  Insensitivity  which 
occurs  In  the  Kalman  system. 

The  system  with  9  stars  and  200  star  memory 
langth  appears  to  give  the  bast  results,  How¬ 
ever,  since  a  random  selection  of  stars  within 
the  memory  window  was  used,  the  results  may  dif¬ 
fer  depending  upon  the  exact  stars  used,  To  show 
thv  true  effects  of  differences  In  the  number  of 
stars  and  memory  langth  a  Monte  Carlo  simulation 
and  a  statistical  analysis  of  the  rasults  would 
bo  required, 

It  Is  possible  to  stow  separately  the  effec¬ 
tiveness  of  processing  additional  stars  at  each 
measurement  point  In  reducing  the  atate  error. 

Tils  may  be  shown  by  considering  the  condition 
with  measurement  noise  but  with  no  data  elimina¬ 
tion  for  the  covariance  matrix,  Essentially  the 
system  uses  the  Kalman  weighting  gain  but  uses 
more  than  the  last  Measurements  st  each  point, 

Figure  12  shows  the  effect  of  using  one  and 
five  measurement  stars  across  a  100  star  length 
band  on  the  precession  angls  error,  y,  Figure  13 
shows  estimation  errors  for  the  angular  momentum 
direction  angla  for  the  same  conditions  as  above 
except  that  two  different  measurement  noise  se¬ 
quences  have  been  Included,  In  all  these  eases 
It  can  be  seen  that  the  convergence  and  accuracy 
considering  additional  measurements  Is  greatly 
Improved  over  the  single  meesurenent  condition. 
This  result  would  Indicate  that  the  considerable 
Improvement  of  the  less*  squeres  limited  memory 
filter  over  tha  Kelman  filter  Is  due  to  the  Inclu¬ 
sion  of  sddltlonsl  measurements, 

CONCLUDING  REMARKS 

The  results  of  the  study  hive  shown  that 
the  limited  memory  nonllnser  filter  system  when 
used  In  combination  with  the  time  eversged  spin¬ 
ning  satellite  equations  results  In  sn  excellent 
preetlcal  attitude  determination  algorithm,  The 
second  of  ere  accuracy  of  the  equations  permits 
precision  to  be  maintained  will  la  the  Insensiti¬ 
vity  to  time  Interval i  used  for  computet  I  on  sim¬ 
plifies  the  Integration  sudroutine  and  still  per¬ 
mits  extrapolations  of  tho  atsto  and  state  tran¬ 
sition  matrix  across  the  memory  length, 
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Figure  9  r  Angle  Estimation  Error 


The  least-squarss  limited  msmory  filter 
simulation  results  Indicated  Improved  speed  of 
convergence  end  eccurscy  over  tho  nonllnesr 
msn  filter  for  ell  atite  variables,  For  the 
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r**ult*  pr*»*nt*d  th*  limits  m*mory  fllttr  doei 
not  appear  to  b«  »*n*ltlv*  to  either  th*  m*mory 
loopth  or  th*  number  of  it*r«  Included  within  th* 
memory,  Th*  mult*  do  Indleat*  that  th*  addi¬ 
tion  of  paat  data  doe*  contrlbut*  algnltlcantly 
to  th*  convergence  and  accuracy. 
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ABSTRACT 

Paaalve  atellar  mapping  attitude  determination  systems  raqulra,  in  llau  of  a  rate 
gyre  package,  an  accurate  vehicle  modal  to  meat  oontinuoua  14-aro-aaoond  attitude  ' 
accuracy  requirement*.  Such  a  vehicle  model  le  used  In  the  attitude  determination  data 
reduction  algorithm  for  propagation  of  vehicle  atate  from  one  obeervation  to  the  next 
within  the  14-arc-aecona  acouracy.  The  accuracy  requirement  la  met  by  identifying, 
modeling,  and  evaluating  environmental  diaturbancea  that  perturb  vehicle  motion,  and 
thereby  eatabllahing  the  torque*  to  be  included  In  the  vehicle  model.  Thla  paper  la  con¬ 
cerned  with  modeling  dliturbance  torque*  experienced  by  epln-etabillied  apacecraft, 
Several  eourcea  of  torquea  are  preaented,  and  all  but  five  eliminated  due  to  conatrainta 
and  mlealon  requirement!.  The  five  torquea  diacuaaed  are  oauaed  by  Induced  eddy  cur¬ 
rent*,  aerodynamic  preieure,  aolar  prenure,  residual  magnetic  moment,  and  gravity 
gradient.  A  computer  program  developed  to  simulate  the  particular  mission  waa  used 
to  evaluate  the  behavior  of  the  torques,  and  a  simulation  waa  performed  to  determine 
the  attitude  effect  of  each  torque  relative  to  the  untorqued  vehicle,  The  results  of  the 
simulation  are  summarised  in  this  paper,  and  the  relative  Importance  of  each  torque  Is 
noted.  Attitude  prediction  time  for  14-arc-second  accuracy  la  ahown  for  varloua  com¬ 
binations  of  torquea  used  in  the  vehicle  model,  Of  the  five  torques,  the  magnetic  inter¬ 
action  torquea  were  the  moat  significant  in  terms  of  apin  decay.  Torquea  caused  by 
solar  pressure  and  gravity  gradient  were  the  next  most  significant,  while  the  aero¬ 
dynamic  torque  waa  the  leaat  significant,  The  solar  pressure  and  gravity  gradient 
torques  had  the  greatest  effect  on  precession  (Ad  and  AW,  State  propagation  within  14 
arc  seconds  was  possible  for  five  minutes  using  only  the  residual  magnetic  moment 
and  the  eddy  current  torquea  In  the  vehicle  model, 


INTRODUCTION 

The  need  for  infrared  measurement  research 
and  detection  techniques  la  critical  to  the  aucceso 
of  U.  S,  apace  programs  devoted  to  earth  rc- 
aouroee  detection,  military  surveillance,  and 
meteorology  research,  An  eaaential  part  of  in¬ 
frared  measurement  experimentation  and  detec¬ 
tion  technique*  la  the  determination  of  the  experi¬ 
ment  axes  attitude  and,  in  turn,  the  experiment's 
line  of  eight  at  the  time  of  the  experiment  mea¬ 
surement.  In  the  evolution  of  infrared  research 
and  implementation,  the  growing  complexity  of 
the  missions  has  demanded  greater  precision 
attitude  determination.  Many  missions  arc  pre¬ 
sently  demanding  a  continuous  time  history  of  the 
experiment  pointing  direction  of  1  to  30  ere  sec¬ 
onds  for  periods  of  one  yetr  or  more.  To  meet 
these  requirement*,  long  life  sttitud*  measure¬ 
ment  Instrumentation  ana  sophisticated  end  effi¬ 


cient  date  reduction  techniques  ere  being  devel¬ 
oped, 


Figure  1  la  a  ichematic  of  an  attitude  deter¬ 
mination  system  designed  to  have  a  lifetime  of 


Fig.  1.  Schematic  of  Attitude  Determination 
Syatam 


‘Thti  work  waa  performed  under  NASA  contract  NAS1-B801, 
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one  year  and  an  attitude  accuracy  of  14  arc  sec- 
onda.  Thia  concept  la  the  reault  of  an  Attitude- 
Referenced  Radiometer  Study*,  conducted  by 
NASA  Langley  Reaearch  Center,  The  require¬ 
ment  la  for  contlnuoua  attitude  eatlmation  for 


diction  time  for  varloua  comblnatlona  of  torque 
uaed  In  the  model  la  given  In  thla  paper, 

Table  1.  ARRS  Miaalon  Requlrementa 


14-arc-eecond  accuracy  In  an  Inertial  frame, 

The  concept  ccnalata  of  a  paaalve  acanned  etar- 
mapper  and  aun  mapper  on  a  apln-atablllzed 
vehicle.  The  output  of  the  attitude  determination 
aenaor  la  tranalt  tlmea  of  a  oeleatial  body.  A 
ground  data  reduction  program  uaea  the  tranalt 
tlmea  to  eatlmate  the  apaoecraft  attitude,  In 
lieu  of  a  gyro  rate  package,  a  vehicle  model  In¬ 
cluding  algnlflcant  environmental  torque  modela 
le  uaed. 

In  developing  a  vehicle  model  for  long-life 
miaalon,  two  requlrementa  that  muat  be  met  are; 

(1)  The  model  muat  propagate  the  vehicle 
atate  within  14  arc  aeconda  from  oalaa- 
tlal  obaervatlon  to  obaervation,  Thla  la 
Important  during  daylight  operation  be¬ 
came  atray  light  reduce*  the  star- 
mapper  capability  to  detect  atara,  and, 
conaequantly,  tlmea  between  obaerva- 
tlona  are  lengthened, 

(2)  The  apeed  of  data  reduction  muat  be 
sufficient  to  prevent  any  backlogging 
of  data  collected  throughout  the  one- 
year  period,  Thia  require*  amplifica¬ 
tion  of  the  model  and,  at  the  aama  time, 
14-aro-aeoond  propagation  accuracy. 
On*  example  of  amplification  1*  mini¬ 
mi*  atlon  of  tha  numbar  of  paramatara 
raqulrad  to  be  eatlmatod  bacaua*  tha 
numbar  of  dlffarential  equation!  In  the 
aatlmator  lnoraaaaa  according  to 

n(n  *  1)1 2  whar*  n  la  tha  ordar  of  the 
etate, 

Thee*  two  requit  emente  led  to  an  Invalida¬ 
tion  of  tha  envlronmantal  dlaturbancaa  for  tha 
ARRS  miaalon  requirement*  given  In  Ttble  1, 

In  the  lnveitlgatlon,  eevertl  eourcee  of  torques 
were  Identified,  and  the  torques  due  to  eddy  cur- 


rbltal  Parameters 

-  Altitudo  -  500  km 

-  Eccentricity  -  zero  (circular  orbit) 

•  Inclination  •  97,  38*  (naar-polar  aun 
aynohronoua)  ■  1 

•  Phasing  -  3:00  a,  m,  or  3:00  p,  m,  uaad 
f)  ■  43*  longltuda  of  tha  aacandlng  noda 


Shapa  -  ass  Fig,  3 

2 

Inartlt  charactsriatlci:  L  *  SB  alug-ft 


-  Magnatlc  charactarlatloa:  MX«M  « 

Momant  coaffiolanta:  Mx  ■  ■  sJlg 

M  ■  0  (±3  x  1 0“ 8 >  ft-lb/Qaua»  due  to  pre- 
*  flight  compeneetlon  uncertainties 

AM  due  to  difference*  In  mnllght  and  dark 
condition*  ■  5*  of  Mx 
Eddy  currant  coefficient*: 

1.4  x  10’8 

•  Experlmsnt  optloal  axis:  Uaa  In  apln  plane 

Bamttaail  fflaaaluittiai 

-  Spin  rite:  3  revolution*  per  minute  j 

-  Attitude;  spin  axle  nominally  perpendicular 

to  orbit  plana  within  ±3*.  No 
control  applied  during  inatrumant 
measurement  period. 


rente,  residual  magnatlc  momenta,  aolar  prea- 

aure,  aerodynamic  preaaura  and  gravity  grad-  The  results  of  the  investigation  ahow  that  the 

lent  were  modeled,  residual  magnetic  moment  and  addy  current! 

product  algnlflcant  ahort-tarm  spin  decay  and 

The  purpose  of  this  paper  le  to  present  ahould  be  included  In  the  vehiole  model,  The 

the  five  sources  of  torque  and  to  dltcun  tha  modal  for  the  eddy  current  torque  has  thraa  co- 

varloui  torque  models  that  ware  uaed,  Com-  tfficianti;  however,  emulation*  ahowed  that  a 

puter  ilmulationa  performed  during  tha  Invaitl-  single  cosfficient  modal  la  a  good  aubatltuta  for 

nation  datarmlnad  tha  attitude  deviation  resulting  the  three  coefficient  model, 
from  saoh  torque  relative  to  tn  untorqued  vehicle, 

Also,  the  validity  of  comparing  each  torque  to  The  prediction  time  without  attitude  update 

the  untorqued  case  rather  than  to  tha  five  torqua  wae  shown  to  be  approximately  five  minute*  when 

cue  wae  determined  through  the  uae  of  a  torque  eddy  current  and  realdual  magnetic  momenta 

linearity  ilmulatlon,  Simplifications  of  the  torque  are  included  In  tha  vehicle  modal,  Simu- 

modeli  ware  made  where  possible,  and  auggaa*  lationa  alao  ahowad  that  cyclic  torqua  terms  may 

tiona  for  simplification  war*  alao  noted,  Pre-  be  deleted,  thue  Improving  tha  numerical  avalua- 

-  _____  tlon  speed  of  the  vehiole  model, 

^The  Attitude-Referenced  Radiometer  Study  (ARRS)  was  conducted  by  Honeywell  Inc.  for  NASA 
Langley  Reaearch  Center  under  NAS1-BB01  oontreot,  The  purpose  of  the  study  wee  to  advance  the 
technique  for  the  dealgn  and  fabrication  of  radiometric  experiments  for  orbital  application. 
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Fig.  3.  Spacecraft  Configuration 


IQBfiUE  MQQBLfl 

Several  sourcaa  that  emit  perturbation  on 
tha  apaoaoraft  ara: 

•  Aotlva  attitude  control  torquai 

e  Elactromatic  radiation  from  the  apace* 

craft 

e  Internal  moving  parte 
e  Metaoritaa 
a  Vehicle  outgaialng 
e  Eddy  current! 
a  Residual  magnetic  moment 
e  Solar  preaaure 
e  Aerodynamic  pressure 
e  Gravity  gradient 

The  mission  plan  reouiras  that  the  attitude 
control  torque  be  suspended  during  measurements, 
The  attitude  Is  maintained  by  the  spin  stability 
of  the  spacecraft,  and  only  periodic  attitude  cor¬ 
rections  are  required,  thus  eliminating  the  need 
for  an  active  attitude  oontrol  torque  model, 

The  electromagnetic  radiation  from  the  space¬ 
craft  is  due  to  a  olannod  0,  Sk-watt  transmitter, 
which  causes  at  moat  4  x  lO'*1  ft-lbs  when  the 


energy  la  in  one  direction.  The  effect  of  this 
torque  io  -wgHgible  and  la  no  longer  considered, 

Internal  moving  parts  nan  be  a  large  con¬ 
tributor  to  vohicle  motion,  but  the  present  mis¬ 
sion  does  not  require  moving  parte  such  ne  tape 
recorders,  gimbals,  dithering  mirrors,  etc.  : 
therefore,  no  model  is  required, 

Torques  due  to  meteorites  are  extremely 
small  which  Balatskll  (Ref,  1)  shows  to  be 
negligible,  Based  on  Beletakli'n  work,  meteo¬ 
rite  effaots  are  not  considered  further. 

Vahiole  outgaaalng,  (Ref.  k),  due  to  trapped 
air  pockets  has  an  exponential  deoay  and  Is  insig¬ 
nificant  after  several  orbits.  The  effect  of  this 
torque  will  not  enter  the  attitude  determination 
problem. 

The  five  remaining  aouroes  of  torque  are 
investigated  and  analysed  in  the  following  pages. 
The  constraints  given  in  Table  1  ara  used  In  the 
derivation  of  tha  torques  due  to  the  sources,  A 
computer  program  was  devised  to  simulate  the 
mission  and  compute  the  effects  of  the  torques 
on  attitude.  The  vehicle  model  and  equations 
used  In  that  simulation  are  given  in  Appendix  A, 
while  the  coordinate  frames  used  In  the  program 
are  given  In  Appendix  B. 

The  computer  program  computed  the  atti¬ 
tude  for  an  untorquad  vahiole  ana  the  attitude 
and  torque  for  the  torqued  vehicle.  It  then  com¬ 
puted  the  differences  in  the  attitude  and  torque 
for  output,  In  all  the  simulation  runs,  the  orbit 
parameters  were  identical.  The  true  anomaly, 
v,  longitude  of  the  ascending  node,  Cl,  and  the 
inclination,  i.  are  1B7  degrees,  46  degrees,  and 
97,  63  degrees,  respectively,  Tha  attitude 
angles,  ip,  0,  and  8  are  defined  In  Appendix  A. 

Residual  Magnetic  Moments 

Tprcue  Equation  --  A  torque  will  exist  due 
to  the  interaction  or  current  flow  in  the  space¬ 
craft  electrical  circuits  and  Induced  moments 
with  the  earth's  magnetic  field,  The  magnitude 
of  the  moment  i>  expected  to  vary  due  to  changes 
in  spacecraft  control  modes  and  powar  usage, 
While  the  design  of  the  spacecraft  can  reduce 
the  magnitude  of  the  moment,  u.  residual  mag¬ 
netic  moment  will  remain, 


The  general  equation  for  the  torque  due  to 
the  residual  magnetic  momsnt  la 

T  >  MxB  (1) 

and  in  body  axla 
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where 

M  .  M  ,  M  ■  body  axia  raaldual  mag- 
*  '  *  natio  momenta,  ft-lba / 

Qauaa,  and 

B_j  B„,  B„  ■  body  axia  component*  of 
r  *  *  tha  earth' a  magnatio  field, 

Gauaa 

,  **  Tha  raaldual  mag. 

natio  moment  torqua  modal  was  programmad 
and  a  ona-orbit  aimulation  waa  mada  ualag  tha 
following  valuaa  of  tha  momantat 

Mx  ■  My  ■  Mg  «  5.  170888  x  10"fl  ft-lb/Q 

Thla  valua  of  tha  momant  la  rapraaantatlva 
of  moment  valuaa  axparlanoad  on  tha  aarly  Tlroa 
apaoacrafta.  Initial  conditions  wara  ohoaan  auah 
that  a  oo na  angla  of  0, 61  dag  was  obtained  and 
tha  principal  y-axla  of  tha  body  waa  mlaalignad 
to  tha  orbit  normal  by  approxlmataly  7,  8  dag. 

Tha  orbit  paramatara  wara  ohoaan  with  tha  trua 
anomaly  at  the  equator  and  a  aouth  heading,  Tha 
rlghtvaacenalon  of  48  dag  rapraaanta  a  8  a.m,  or 
3  p,  m.  launch  condition,  and  tha  Inclination  given 
tha  aun  aynohronoua  retrograde  orblju  Figure  3 
ahowa  the  valua  of  tha  T*,  Ty,  and  |T  |  aa  a  func¬ 
tion  of  time. 

Tha  peaks  of  tha  anvalopa  in  all  thraa  of  tha 
torqua  plota  represent  tha  aouth  and  north  pole 
of  the  earth,  respectively.  At  thaaa  points,  tha 
magnetic  flald  components  are  graataat  In  tha 


orbit  plana  and  thus  give  tha  largest  cyclic 
variations.  The  y- component  of  torqua  ia  cyclic 
with  a  period  of  30  seoonda  and  mean  value  of 
aero,  Thla  component  of  torqua  ia  a  function  of 
B_,  M,,  M.  and  B.,  where  M-  and  M.  are  con¬ 
stants  and  fig  and  fig  are  cyclic  In  body  axes 
with  a  20-second  period  due  ,o  the  spacecraft 
spin.  Tha  x-component  ia  also  cyclic,  with  a 
period  of  20  seconds  (3  rpm  spin  rata)  and  with 
the  mean  varying  with  position  in  orbit.  The 
mean  of  tha  x-oomponant  of  torque  le  noneero 
because  of  the  (MaBy)  term,  The  cyclic  portion 
la  due  to  the  MyBa  term, 

The  oyo lie  nature  of  the  torqua  does  not 
create  a  oyolic  variation  In  the  attitude  differ¬ 
ence,  A9,  The  deviation  In  6  at  8700  seconds 
la  -7  8  aro  seconds,  Although  Ad  and  Ai^  have 
spin  rata  oyolic  variation;  the  extent  of  tha 
variation  la  lnalgnlfloant  over  the  full  orbit, 
approximately  1  aro  sac  variation  of  Ad  at 
8702,4  aeconda,  Thaaa  raaulta  suggest  that 
short-term  variation  of  torque  with  a  period  of 
20  seoonda  and  mean  of  aero  may  ba  deleted 
from  the  torque  modal.  The  difference,  Ai^, 
has  orbital  variation  on  a  mean  drift  of  40  arc 
seconds  par  orbit,  The  Ai^  haa  orbital  varia¬ 
tion  about  the  mean  drift  of  ±10  arc  seoonda. 

Eddy  Currants 

Torque  Equation  -•  Eddy  currents  are  in¬ 
duced  !n  the  spacecraft  due  to  the  spin  motion 
of  the  spacecraft.  Vlntl  (Ref,  3),  showed  that 
the  interaction  of  the  generated  eddy  currant! 
and  earth1  a  magnetic  field  produoed  a  torque 
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Fig.  3.  Torqu#  on  8pao#  craft  Du#  to  R#iidual 
Magnetic  Momtnt# 


that  preceiled  the  ipln  axis  of  a  spherical  space¬ 
craft  In  addition  to  causing  spin  decay,  The  work 
of  Vlnti  resulted  In  the  following  equation  for  the 
torque  on  a  spherical-conducting  apacecraft: 

T  •  K  (u  x  I)  xD  (3) 

where 

u  ■  spacecraft  spin  vector 

B  «  earth's  magnetic  field 

K  *  a  coefficient  based  on  the  spacecraft 
dimensions  and  conductivity 


potential,  ft  Is  determined  by  the  boundary 
conditions.  1,  e,,  current!  norma)  to  the  boun¬ 
dary  are  zero,  und  LaPlace's  equation.  This 
boundary  valve  problem  la  the  N’eumann-type  for 
which  very  few  closed-form  solutions  are  known 
(Ref.  5).  Howover,  for  the  two-dimenelonal  case 
with  simply  connected  regions  and  the  boundary 
conditions  satisfying  Gauss  b  theorem 


da  ■  0  (integral  on  tha  boundary 
condition  around  the  boun¬ 


dary) 


The  appealing  feature  of  this  model  la  the 
■ingle  coemclent,  In  using  thia  modal  ths  atti¬ 
tude  determination  estimation  program  naed 
eatlmats  only  ons  coefficient,  The  subject 
•  paoeoraft  configuration,  however,  Is  not  a 
■  phere  and  a  new  model  was  dsrlvsd  to  deter¬ 
mine  if  more  coefficient*  are  necessary  to 
desarlbs  the  eddy  current  effect!, 

The  general  axpreialon  in  Gaussian  unlti  for 
the  torque  on  t  apacecraft  due  to  eddy  current 
interaction  la 

T-J  Jjfrx(JxH)dV  (4) 

where 

J  ■  volume  eddy  current  deniity 

r  ■  direction  from  tha  canter  of  mail  to 
the  element  of  volume 

C  •  spaed  of  light  in  vacuum 

H  ■  earth's  magnetic  field  strength  ■  B 


where 

■  gradient  at  the  aurfacee 

ds  «  dlfferertlal  dement  along  tha  boun¬ 
dary 

Tha  Neumann  problem  can  be  reduced  to  the 
Dlrlchlet  problem  by  using  the  Cauohy-Riemann 
conditiona.  Tha  Ceuchy-Rlemann  conditions 
transform  *  Into  a  atraam  function,  i//.  Follow¬ 
ing  thla  procedure,  solutions  for  the  stream 
functions  are  obtained,  The  torque  Integral  la 
rephrased  In  term*  of  the  stream  function  be¬ 
fore  integration,  Tha  torque  expre salon  ii 
obtained  by  integration  over  tha  volume  of  each 
panel  relative  to  a  common  body  axla  frame  and 
adding  all  torque  due  to  saoh  panel,  Carrying 
out  the  integration,  the  cloied-form  torque  equt 
tlon  lor  the  'Hat"  configuration  la: 

Lx»  -Pj  (uJxHy^  •  UyH^Hy) 


k  ■  permeability  ■  1  for  aluminum 

The  volume  ourrent  deniity  (Ref,  4)  in 
closed  form  is  given  by 

y  ■  ^ o' 1  < u  x h )*?+’« 

where 

o  ■  static  electrical  conductivity 


Vp3  [VHx2tH*2)-wxHxHy 

■  ueHyK*: 

Ls  *  -PiKHya-yyv 
•"jKhx2-“Ah.> 


*  ■  potential  that  is  required  to  satisfy  where  the  p's  srs  constants  evaluated  using  the 

the  boundary  condition  and  LaPlsrc  dimension*  and  conductivity  of  the  cylinder  panels 

equation,  0  and  aolar  panel*, 


For  a  sphere,  the  potential,  ft  la  a  constant,  The  equations  for  the  p'e  are. 

and  v  o.  The  solution  la  now  easily  obtained 
for  the  aphere  by  Integration*  over  the  volume. 

For  the  "Hat"  configuration,  the  eddy  current 
density  was  derived  for  the  skin  of  the  spacecraft, 
assuming  that  each  aolar  panel  and  cylinder  aldea 
are  electrically  Isolated,  and  the  akin  waa  chosen 
to  be  thin,  thus  reduoing  the  eddy  current  volume  ..  .V  /  il*f  m-t.  jut*  '  *"»1 

density  to  s  two-dimensional  problem,  First,  •'*"  "‘..ni,,,  ri*  1*1"  nj 

ths  eddy  currant  density  in  the  rectangular  panel 
must  be  computed  in  closed  form,  This  adoy  cur¬ 
rent  density  is  known  once  •  la  known,  The 


{-»«'<  •v.-u*  •L*1  •-•e’’  •L.UIW  ] 

1,  I  4  1  I  \  ‘  I 

,1  l'\  /  '■  r  m-L  m"V'| 

I-'---  y  — 
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where 

a  ■  atatlc  electrical  conductivity 

t  ■  thickness  of  cylinder  panala 

c  ■  thloknaea  of  aolar  panala 
W  ■  width  of  cylinder  panela 
L  ■  length  of  cylinder  panela 
h  ■  length  of  aolar  panela 
d  «  width  of  aolar  panela 
m  ■  3n-l,  where  n  ■  1,  8,  3,  , , , 

a  ■ 

L,  ■  L  -  L«  ■  distance  from  center  of 
'  man  to  and  of  cylinder  oppoaite 
aolar  panel  end 

The  tortjue  expression  hta  three  coeffielenta 
for  the  Hat  configuration  apacecraft  aa  com¬ 
pared  to  the  single  coefficient  for  the  spherical 
configuration.  The  three  coeffielenta  were  evalu¬ 
ated  using  the  baaeline  dimension*  of  the  vehicle 
and  a  atatlc  conductivity  of  aluminum  at  20‘C 
(Ref.  3),  The  values  used  in  the  evaluation  of  the 
coefficient  are: 

y  ■  0,  0354  cm 

t  «  0,  0354  cm 

W  ■  8  8.  9  om 

L  ■  101,  1  cm 

h  ■  111,  8  cm 

d  ■  95,  8  om 

Lj  ■  43, 1  om 

erC 2.83X10-11  ■ 

ohm-oirr 


The  coefficient  values  are: 


P,  ■  3.  075  x  10‘8 

1  o' 


P„  -  7.  20  x  10*! 

2  Ga 


P,  ■  6,  826  x  10’S 
3  a' 

Computer  Simulation  Results  --  The  "Hat" 
configuration  modal  was  programmed  and  evalua¬ 
ted  relative  to  an  untorqued  vehicle  using  the 
computed  coefficient.  A  second  simulation  was 
conducted  to  compare  the  spherloal  model  and 
the  "Hat"  model.  In  order  to  compare,  the  co¬ 
efficient  Pj  was  chosen  to  be  the  same  aa  the 
spherical  model  coefficient,  K,  and  P,  and  Pg 
ratio  kopt  the  same  aa  the  ratio  of  the  above  com¬ 
puted  values.  Figure  4  ia  a  plot  of  the  "Hat"  con¬ 
figuration  torqua  using  the  computed  coefficients 
for  a  one-half  orbit  simulation.  The  y-component 
of  the  torque  variea  only  aa  a  function  of  orbit 
poaition.  However,  the  x-component  of  torque 
exhibits  variation  at  the  spin  frequency  and  the 
spin  vector  precession  frequency  (motion  of  u 
in  the  body).  The  peak  points  of  the  torqua  occur 
at  the  poles  because  of  the  greater  magnitude  of 
the  field  at  the  poles. 

The  attitude  deviation,  AS,  does  not  possess 
a  cyclic  variation,  but  Ai//  and  Ad  possess  a  spin 
rate  oyclic  variation.  The  deviation  in  AS  at  2700 
seconds  is  3500  arc  sec,  and  AP  and  Ai/'  have  a 
peak -to- peak  variation  uf  37.5  arc  sou.  The  re¬ 
sults  suggest,  for  accurate  propagation  of  space¬ 
craft  attitude,  that  the  torques  due  to  eddy  cur¬ 
rents  be  included  in  the  model. 

It  is  of  interest  to  reduce  the  number  of 
parameters  required  to  be  estimated  by  the  algo¬ 
rithm.  Thus,  comparison  of  the  two  eddy  current 
modes  was  made  using  the  following  coefficients' 

K  ■  0,  25  x  10'5  ■fHb'leC  . 


P,  ■  0,  80  x  10’6  Jli&llS, 
1  G* 


Pj  «  0,  3  x  10*4  it •)£-■**& 

a  o' 


Ps  ■  -0, 25  X  10"! 

3  o' 

A  computer  simulation  was  conducted  com¬ 
puting  the  difference  in  attitude  generated  by 
the  two  models.  The  differences  of  the  two 
model*  arc  for  (AS)  at  3700  seconds  1,4  arc 
second, and  At^  are  0,4  arc  second  peak  to  peak 
about  a  aero  mean  at  2700  seconds,  For  the 
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Pig.  4.  ARRS  Eddy  Current  Torque  on  Half  Orbit 


stated  valuta  of  tha  coefficients,  th*  dlfftranoti 
■ay  that  tha  spherical  model  la  adequate  for  tha 
attltuda  determination  algorithm, 

Solar  Radiation 

Interplanetary  radiation  originates  pri¬ 
marily  from  tha  aolar  ayatam.  Oalactio  radia¬ 
tion,  compared  to  aolar  radiation,  contributes 
little  to  tha  total  radiation  preaaure  exerted  on 
a  unit  area  of  a  spacecraft,  Solar  radiation  la 
further  divided  Into  elaotromagnetlo  radiation 
and  particle  radiation,  Electromagnetic  radia¬ 
tion  consists  of  photona  whloh  propagate  in  wave 
forma  having  wavelengths  In  the  eontlnuouo  spec¬ 
trum.  Photona  have  aero  rest  masa,  no  elec¬ 
trical  oharge,  and  no  magnetic  moment,  but 
they  do  poaaeaa  energy  resulting  In  a  force  pro¬ 
ducing  a  pressure  termed  "light  preaaure,  " 
Particle  radiation  conalata  of  electrons,  protons, 
neutron*,  alpha  and  beta  pa  rtlcle  plasma  and 
many  other  aubpardolea,  These  particles,  which 
have  a  rest  mass,  are  expelled  from  the  aun  at 
velocities  of  from  400  to  1500  km  per  second, 

Thla  particle  radiation  whloh  aweepa  throughout 
Interplanetary  spaa*  la  termed  "solar  wind." 

Th>  ^tensity 

of  electromagnetic  radiation  is  inversely  propor¬ 
tional  to  the  square  of  the  distance  from  tne  sun. 
About  9B  percent  of  thla  solar  energy  lios  In  the 
narrow  band  from  3000  to  4000  angstroms, 

(Ref.  6),  with  the  remaining  1  percent  distributed 
in  the  ultraviolet,  Infrared  and  radio  frequencies, 
The  incident  electromagnetic  radiation  power 
density  (the  aolar  oonatant)  received  outside  the 


earth's  atmosphere  at  a  distance  of  ona  astro¬ 
nomical  unit  from  the  sun  la  13B6  ±1  percent 
watta/ mater*.  Thla  power  density  which  pro¬ 
duces  "light  pressure1'  la  virtually  unchanged 
with  high  aolar  activity.  The  radiation  pressure 
P.  acting  on  a  nonrafleotlva  surface  normal  to 
the  Incoming  radiation  la  given  by 


where 

P  ■  pressure  due  to  electromagnetic 
e  radiation 

E„  •  solar  constant  (1396  w/mJ) 

0 

C  ■  velocity  of  light  (2,  9BB  x  10®  m/S) 
hence 

fl  n 

P0  ■  4,  858  x  10  newton/ meter 
•  0,  071  x  10*8  lb/ ft3 

Particle  Radiation  --  The  solar  atmosphere 
is  composed  primarily  of  ionised  particles  that 
flow  continuously  outward  from  the  sun.  Thla 
flow,  which  represents  an  expansion  of  the  aolar 
oorona,  la  called  the  "solar  wind,  "  The  corona 
is  composed  primarily  of  hydrogen;  hence,  th* 
aolar  wind  conalata  primarily  or  highly  ionised 
hydrogen  particles  (electrona  and  proton*), 

Since  the  man  of  the  proton  ia  1897  times  the 
mill  of  the  electron,  the  energy  of  th*  solar 
wind  can  be  determined  from  the  particle  energy 


J5 


of  the  proton  alone,  which  li  about  one  Kev  during 
quiet  gun  perioda.  During  quiet  aun  period*,  the 
velocity  of  eolar  wind  particlea  at  one  astronoml- 
cal  la  about  400  km  par  aecond  with  a  density  of 
about  10-100  partlclaa  par  cubic  centimeter 
(flef,  6),  The  preaeure,  which  equala  the  energy 
density  on  a  surface  normal  to  the  particle  velo¬ 
city,  is  given  by 

Pp  ■  m  NV2 

where 

Pp  ■  praaaure  due  to  solar  particlea 

-  24 

m  *  proton  particle  mass  (1,  67  x  10  gm) 

3 

N  ■  particle  density  (10- 100/ cm  ) 


Eouatlons  (Ref.  8)  --  The  *orque  on  a  body 
due  to  solar  pressure  la  computed  from  the 
following  three  formulas  taken  from  Beletakli 
(Ref,  l)j 

m+  ■  iX  f  r  (n.  t )  ds  (7) 

“B1  a 


T  ■  P  [( 1  -  e0)  m+  +  cQ  m'  ]  (8) 

where 


a  ■  region  of  body  in  sunlight!  da  Is  an 
area  differential 


V  ■  particle  velocity  (400  km/aao) 

Thus,  the  pressure  on  a  surfaoe  normal  to 
aolar  particle  radiation  during  quiet  sun  period  La 

Pp  ■  8.8  x  10' 11  to  8.  8x10" 10  lb/ ft2 

During  active  aun  parloda,  however,  the 
solar  pressure  due  to  particle  radiation  ia  greatly 
magnified,  Solar  flares  cause  a  rapid  expansion 
of  tne  corona,  producing  an  increase  in  the  velo¬ 
city  and  density  of  the  aolar  plaama, 

Solar  flares  vary  in  magnitude  and  brightness 
and  are  classified  according  to  their  area  (per¬ 
cent  of  solar  disk  involved),  Observations  have 
shown  that  the  frequency  and  duration  of  solar 
flarea  vary  as  a  function  of  their  class.  Small 
flares  (clasa  1)  ocour  every  few  hours  and  have 
durations  of  about  10  to  40  minutes, 

Conversely,  the  large  flarea  (classes  3  and 
3+)  occur  more  rarely  but  have  longer  durations. 
As  many  as  aix  or  seven  claaa  3+  flares  with 
mean  durations  of  about  three  houra  may  be 
expected  in  one  year  during  the  active  portion  of 
the  11-year  solar  cycle, 

As  a  result  of  a  claaa  3+  flare,  the  aolar 
plasma  velocity  may  increase  to  about  1300  km 
per  second  with  particle  density  Increasing  to 
as  high  as  100  particles  per  cubic  centimeter 
(Rof,  6  and  8),  During  this  brief  period,  the 
solar  particle  radiation  pressure  is 

P  «  7,  8  x  10'9  lb/ ft* 

P 

Based  on  the  foregoing  estimates,  the  particle 
radiation  pressure  is  at  least  an  order  of  magni¬ 
tude  less  than  the  electromagnetic  radiation  pres¬ 
sure  and  may  be  neglected, 

In  developing  the  aolar  pressure  disturbance 
torque  model,  a  constant  pressure 

P  •  1  x  10'7  lb/ ft* 

is  used  for  a  surface  normal  to  the  sun  line  with 
no  variation  due  to  solar  activity, 


J*B  •  vector  from  body's  C.M.  to  ds 

A 

r  ■  unit  veotor  directed  from  sun 

A 

n  ■  unit  outer  normal  to  ds 

P  ■  pressure  exerted  locally  by  sunlight 

cQ  ■  body's  reflection  coefficient 

The  integrations  described  in  Eqs,  (7)  and 
(8)  are  performed  over  two  distinct  surfaces  •* 
the  solar  panels  and  end  of  the  spacecraft  (Rg,  5) 
and  the  aides  of  the  spacecraft  (Fig,  S),  To 
simplify  the  model,  three  assumptions  are  made: 

1)  That  the  aun  never  shines  on  the  end  of 
the  spacecraft  opposite  the  solar  panels 

3)  That  the  shadow  of  an  outside  end  of  a 
solar  panel  never  strikes  any  part  of 
the  spacecraft 

3)  That  the  sides  of  the  spacecraft  (1, a, , 
not  the  solar  panels)  constitute  a  circu¬ 
lar  cylinder  rather  than  a  hexagonal  one. 


Fig.  S.  Relation  of  Solar  Panels  and  End 
of  Spacecraft  to  the  Body  Axes 
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Fig.  e.  Spacecraft  in  Unprimed  Coordinate 
Syatem 


The  integration*  of  Eqa.  (7)  end  (I)  over  the 
end  eoler  panel!  .re  quiteaimple*  the  iXr.- 

Slted"  'ida'  *r*  COn,W«r»bly  ««or*  com- 

Sunlight  patting  between  two  eoler  penela 
may  strike  the  spacecraft.  If  ao,  integration 

few;  •r&’ss?  "•  *■"“« 

,  SA'?C*  and  W1*  spacecraft  ie  alwava 
fully  illuminated,  integration  of  Eqa.  (7)  and  (0) 
is  performed  to  obtain  a  cloaed  form  for  d  8 


where 


M+  « 


M 


TB  ' 


-Cobo^s 


*oboLas 


Oj 


direction  cosines  of  sun 
vector  in  the  body  frame 


1  2  "  ,1!nith  fr?m  c,nt,r  ms«a  of  vehicle 
to  the  a  olar  panel  end 

s  *  »**ea  exposed  to  the  sun 


This  torque  ii  aero  because  sunlight  does 
not  fall  on  this  surface  for  this  mission, 

All  computations  in  this  section  sre  done  in 
the  unprimsd  coordinate  system  of  the  evlindrf 
cal  coordinate  ayetem.  Tfce  body  of  toe  VjSJ?.' 

wTSSW. 

.  *  41,0  ,h®w«  U»*  unit  vectors  v\  ‘v, 

IS  rthJ;  St,y"i0r'  7‘  »■  from  the 

ooordiiiatee  ,•®,  00“J»on»n‘*  •«  tb  in  body 


We  define  vi  and  ve  to  be  unit  veotora  iiom 
two  adjacent  solar  panel  edges  The  sunlight  iw 
th...  two  edgee  wU^trik,  '^  cylnd.r  *  by 

of  ln?e«aPtmnblT:  th!E*  bt  t0  'lnd  th*  M|iM 
wh  n;.^  ‘^,1 V;  „h*  r!flon  on  thkl  cylinder 
*Unll«ht  t^b  'til  will  be 

ltoe«d  d  6y  *0ni*  oombln>ti011  of  the  following 


"S.?  “<■  *nd 

The  Unea  which  border  the  sunlit  snd 
dirk  vldca  of  the  cylinder, 

#uJhe  Jine*  undtfr(c)  are  mogt  eaaily  degcribed 

in  AwndU  B  6  Th.°0rdlnV#  *y,tem  bribed 
m  Appendix  B).  They  are  deecribed  by  t.  n  ■  0, 


a) 

b) 

c) 


S  •  •  tan" 


(10) 


0  •  t  -tan 


-1 


(oo/ao> 


t!]5  description  of  the  4pbs  under 
*.*'*??  con*ider  the  projection  of  Vi  anH  v 
oato  the  cylinder,  m  the  Snprimed  system  2 

V1  ■  ?  sin  30*  +  k  cos  SO* 

The  projection  of  v.  onto  the  cylinder  u.M  in  th 

plane  £hlob,a  oom^Qn  t0  V1  snd  r.  Call  thie 
ptane  r^,  Pj  has  s  non-sero  normal; 

N  ■  vj  X  r 

■  -fb0  cos  30*  +  j(«o  cos  30*.  c0  sin  30“ 
+  k  be  sin  30* 
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A  point  known  to  be  on  the  plane  te  (0,  0,  rj) 
where  rj  la  tho  radiua  of  tha  cylinder.  Knowing 
the  normal  to  Pi  and  a  point  on  Pi  ia  enough  to 
determine  tha  plana  uniquely.  Tha  aquation  for 
Pi  la  found  to  be 


/3 

7 


l) 

i) 


x  4  j 


(/3uu 


■  Tff  (11) 

In  a  aimilar  roannej,  Pa,  tho  pla.no  which  ia 
tha  aun'a  projection  of  vg,  haa  aquation 


lj 

(ia) 

Tha  cylinder  haa  tha  equation 

x3+  a2  -  r33  (IS) 

If  F.qe.  (10)  and  (13)  ere  aolved  almultana- 
oualy,  tha  result  ia  a  Una  which  daaerlbaa  tha 
projaotion  of  vi  on  tha  eyllndar  (at  laaat  on  tha 
aunny  aide  of  the  cylinder).  A  aimilar  explana¬ 
tion  holda  for  the  limultunaoua  eolutlon  of 
F.qa,  (7)  and  (IS).  Theae  re  suite  ara  expreaaed 
in  Eqa.  (14)  and  (IS)  in  tha  aylindarioal  coor¬ 
dinate  eye  tern. 

For  Vj 


y  ■  rs  bo/  (/S  a0  -  c0)  (y?  ain  8  -  coa  8  +  1) 

(14) 

and  for  vg 

y  ■  r,  b /  (/3  a„  +  c J  (A  ain  6  +  coa  8-1) 

w  3  0  0  0 

(15) 


The  linaa  undar(a)  ara  deacrlbed  by 


ty  ■  0] 
[y  ■  -L] 


(  18) 


Equation*  (10),  (14),  (15)  and  (18)  daaerlbe 
tha  linaa  on  the  aurface  of  tha  cylinder  which 
are  candldataa  for  the  integration  limita  in  Xqa. 
(7)  and  (B).  Depending  on  the  direction  from 
which  the  aun  ia  ahintng,  different  integration 
limita  exist.  They  faU  into  aix  dialinot  cats- 
goriee  which  arc  ahown  in  Figa.  7  through  13, 


Caae  l  la  ahown  in  Fig,  9.  Both  ahsdows 
run  off  the  left  edge  of  the  sunlit  nert  of  the  cylin¬ 
der  before  they  e  rixe  the  lower  end  of  the  cylin¬ 
der,  if  fty,  9)  ia  allowed  to  represent  either 
integrand  in  Eqs,  (7)  or  (9),  then 
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„  -  o  ,K.  0(9)- 

I.J  f  *  d*  •  r3  /*e  JK*  F(8)  *  8)  *** 

(17' 


where 

Ki  “  rs  b0/  </*  ao  *  co> 

K2  ■  r8  bQ  /  (/8  aQ  +  c0) 

y(6)  ■  /S  eln  8  *  coe  9  ♦  1 
and 

0  (s)  *  /S  B  +  ®  ”  * 


Fig.  7.  Both  Shadowa  Interaactlng  Lift 
Edge  of  Sunlit  Area 


Pig.  8.  Shadowa  Interaactlng  Edge  of  Sunlit 
Area  and  End  of  Spacecraft 


Fig .  S.  Shadow!  Inta  reacting  Right  Edge  of 
Sunlit  Region  and  End  oTSpaoaoraft 


rig.  10.  Roth  Shadow!  Interacting  Right 
Edg!  of  Sunlit  Ragion 


The  othar  five  caaai  are  ihown  in  Flga.  B 
through  12.  It  ia  aaaumeg  that  the  readjr  if 
viewing  along  the  line  of  t,  ao  that  the  n.  t  ■  0 
linaa  ire  the  right  and  left  viaible  edge*  of  the 
cylinder. 

Equation!  oorraapondlng  to  Kq»  (17)  have  bean 
oiloulataa  for  each  cue,  In  six  taaaa,  tha  poaai- 
blllty  that  tha  ahadow  due  to  the  and  of  the  aolar 
panel  may  atrike  tha  apa^ooraft  hoa  bean  ignored. 


Thle  eeemo  a  raatontbla  aaaumption.  If  the 
aolar  panala  are  never  ahortar  than  tha  length  pf 
tha  cylinder,  the  angle  between  the  y-axla  and  r 
would  have  to  exceed  4S  degreei  for  thla  to  occur. 
Thla  aort  of  thing  la  not  expected. 

In  order  to  find  eome  of  the  preceding  inte¬ 
gration  limlta,  It  ia  neceaaary  to  invert  Eqa.  (14) 
and  (IB).  Their  invaralona  are  Eqa,  (IB)  and 
(IS),  reapaotivaly, 


Fig.  11.  Each  Shadow  Interacting 

Nearcat  Edge  of  Sunlit  Ragion 


/ 


Fig.  13.  Both  Shadowa  Interaecting  End  of 
Spacecraft 


■  Sin'1  :/3  {y/Kj  -1>  /  4 

6  ■  Sin'1  C/S  <yl Kj+D/4 


•  v (S  +  y/Kj)  (1  •  y/Kj)  /  4] 

It  la  Important  to  cheek  carefully  to  aaa  that 
9  aa  yialdad  by  Eqa.  (18)  or  (19)  llaa  on  tha 
aunny  half  of  the  apacaoraft  aa  defined  by  tha  two 
n  .  v  ■  o  line  a,  If  not,  tha  oorraet  value  will  be 
«1  ■  *  *  «. 

Any  Integral  expreaaed  aa  a  aolutlon  to  one  of 
the  ala  caaaa  can  be  written  aa  a  linear  combine- 
tlon  of  aome  intagrala  of  tha  following  general 
form: 

♦  a  KH(S)  - 

'  yg  yf  -L  *  (y.S)  «lyd8  -  I  (30) 

where 

H( 9 )  ■  d  3  aln  0  -  coa  9+1, 

and  d  can  take  on  tha  value  of  tl 


For  the  k-oomponent: 


Kr,j  ‘l.llj 


(  afl  I  ( 

*  t ,  (K*  L  (  —  a  in  i  •  d  ♦  a  in  I  coa  9)  1  , 

*  .  i  I  •  | 


.  .  . ♦.  ,KH«)  •  •  •  •  a 

i  1  '  »J*  L  ■  *  »,  te  >  *r  I 

For  the  component: 

.yljik  lia*  l.lla,,,-  Vtt,1!  ti*a‘  *  Ua'l  •  Ii; 

•  it* ■  iw» i,i,i 4 "i"1  •  •*•' •  la1  «i ♦  •!  •••' 4 

.  It  UHL,)  *w‘t*l  (U/T  «,l,  •  »]l  l*.^ii*4ll. 

80lfl  IM4  I  ■  I  j  (jllAi  |  I  I  )\ 

•  !^.|ia  S  ■  |  •#9#  m'i  Ms  I  UH*  I  •  tlj*  l*  l||  ■ 

•  \  •i«#  IM1  MM  UM1  I  *  II)  ''  |  J 

{  •  IMhJMMftt  •  0. 

For  the  G-eomponent: 


Kj  if  d-  1 


■Ka  if  d  «  -1 


The  general  evaluation  of  I/ra  [Eq.  (20)]  haa  been 
performed  for  both  funotione  which  fly,  9)  repre- 
aenta,  The  reault  for 


,KH(9fc*  .  . 

m  ■  J  fn.  t)  dyd9 

1 _  -L _ 


For  the  f-component: 


’  ,|-4fU  *,r>,a  (am*  a  .  Ii  •  Ii  .#/l  ■  1  I  UIJ-J  ,  , 

,  IN  ■  I  i*  *  I  ■  .  am  ■■  i  Hi  '  I  *  t.n*  a  l  I,1 
I  i  *  I  I 


For  the  J-component; 


1  •  J  •!  '  ) 

l,‘  1  la.i/  •  II  i  lru  .  I/I  It|l  *a*|  ,  - J_U  , 

«  H  (K  •  l.,l  . a  alal*/|r0-  a^l*^ '  ■  (<i  i  am  *  > ...  ) 


•  I.  ■  l.,l  (•!„  ail.  | 


K1  lij  Idlin'  l  a  aaa  .  fa  ana  Kaia1  a  •  l|]  «^{la,i,-a/|  a*}  am'  I  • 

•  (r*  .  Ij i*i  a,a0l  am*  c  aaa  I-  -f,  taa  I  urn1 1  *  Ii; . 

•  a/>  a]  4  ,1"'  1  ••a1*  *  *1***4  *  K  (*•!.,)  {i/I  a]  ;  j  lia*l  id  I  • 

•  J  la  -am  I  lull!  •  g  ild/l  *,*,  •  a]l  im*»  •  |  Ia/|  ij  ■  I  a,a, 

(I  -  ^  am  a  ii  *  -J-  (aa**  - 1  a*  oil  (am*l  *11  *|i#((i^li  • 

,1  ,1 

•  — a«a*l  ■  L  I  k.  U)  |  aaal  (lln*  a  *  II  *  1  a  a  am*  I  -  A-cuaV  1 

I  I  ~  I  *  •  0  I 


Thla  aolvt’s  the  problem  In  the  unprimed 
•yetem,  To  aolve  it  for  the.other  five  V»ehaped 
arete,  we  muet  trtnnform  t  into  the  primed 
coordinate  ayatem 

r*ii  r*.] 

1  a1  •  aaT  id  »  I  ,  i  a  t,  I,  I,  s,  I 

1  I  I 

i«;J  L  J 

After  finding  T',  the  torque  In  the  primed 
ayatem,  we  tranaform  It  back  to  body  coordlnatea 

Ts  ■  M(i)  T ' 

The  only  rtmalningj?roblem  la  to  devlaa  a 
meant  for  determining  tb  br  a  function  of  4me 
and  body  orientation.  The  negative  of  t,  -  t, 
line  in  the  eeliptio  at  an  angle,  S,  from  the  Xa 


-  -rvtvma  .—i:..a*l':  iaWt  JZTZKtlSTjr .  1  ■ 


.^r  *,■'  ■  :>  r-  •  m  •  *.  . 


Hanot,  In  body  ooordinataa, 


E (*,  %  e)  0T(.)  T# 


In  the  computer  almulationa  o!  flight*,  rail 
tlmo  leldom  exceed*  two  or  three  houra,  and  it 
will  be  aaaumed  that  S  la  a  eonatant. 


A  oomputer  aubprogram  waa  written  to  cal- 
oulate  aolar  praaaura  torque.  The  oomputer 


program  la  called  at  each  time  atep  of  the 
numerical  integration  of  the.  equation*  of  motion 
of  the  apace  craft,  and  the  torque  at  that  time 
and  place  la  computed,  It  ahould  be  emphaalted 
that  the  Integration*  of  Eqa,  (7)  and  (8)  are  not 
performed  numerically  but  are  evaluated  analy¬ 
tically  at  each  time  atep. 


A  almula- 


tion  of  on* -half  orbit  waa  performed.  A  plot  of 
the  torque  1  a  ahown  in  rig,  IS.  The  *•  and  y- 
component*  both  exhibit  eyolie  variation*.  How¬ 
ever  the  y-component  la  20  time*  amaller  than 
the  x-component,  The  envelope  of  the  x-oom- 
ponant  torque  la  eaeentlally  oonatantover  the 
almulatlon  time,  Indicating  very  little  depen¬ 
dency  on  orbit  poaltlon,  The  peek  to  peek  of  the 
x-component  le  eymmetrlo  about  atro,  but 
Hi,  18  dot*  not  ahow  thla  due  to  eampllng 
point*  being  4.  8  eeoonde  apart,  Fig.  14  ahow* 
the  cyclic  variation  clearly.  The  magnitude  of 
the  torque  la  aaaentlally  eonatant  ovar  the  almu¬ 
latlon  period  at  3, 75  x  10-8  ft-lb, 


The  deviation*  In  attitude  relative  to  the 
ur.torqued  vehicle  exhibit  only  (light  variation 
at  the  epln  frequenoy,  Again,  thla  auggeata  that 
term*  in  the  torque  expreeelon  that  are  cyclic 
mty  be  deleted  from  the  model.  The  toraue 
ciubch  a  aplnup  of  the  vehlola  which  reault*  In 
a  deviation,  Ad,  of  100  arc  eaoonda  at  3700 
aaaonde,  Tht  angles  J  and  ^  davlate  poaitlvelj 
from  the  untorqued  oaaa  and  are  +86  and  +  10 
are  eaoonda,  reapactlvely,  at  3700  aeoonda, 
Thaae  deviation*  appear  linearly  aa  a  funotlor 
with  time,  except  for  Ad  which  ie  increasing 
nonllnearly, 


Fig.  IS.  Torque  on  Spacecraft  Due  to  Solar  Preaaure 
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Fig.  14.  Torqua  Reeulting  from  Solar  Praaaura  Effeot  on  Spaceoraft 
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The  oomputer  program  of  tho  aolar  praaaura 
torqua  waa  found  to  ba  vary  alow  In  execution, 

Tnla  alownaaa  of  axaoutlon  la  dua  to  avaluatlon 
ovar  the  apaoecraft  eyllndar  to  account  for  tha 
ahadowlng,  and  la  raqulrad  at  each  intagratlon 
itap.  Thraa  approachaa  to  ramady  tha  axacutlon 
tlma  were  conaldaradi  (1)  remove  tha  affaot  of 
cylinder  torquo  and  conaidar  only  torqua  dua  to 
aolar  praaaurai  (I)  computa  and  atora  torqua  dua 
to  apaoecraft  ahadowlng  for  ona  or  two  apln  peri¬ 
ods)  and  (3)  compute  torqua  dua  to  aolar  panala 
normally  and  add  cylinder  torque  baaed  on  tha 
atora  of  torqua  data  for  all  aubaaquent  acana. 

Approach  1  wan  tried  unaucoeaafullyi 
Approach  3-wae  auccaaaful. 

Comparing  the  raaulta,  tha  attitude  difference 
for  the  modified  aolar  praaaura  torqua  at  3700 
aeconda  la 


ayatam  (principal  body  axes). 

Tha  torque  on  a  rigid  body  dua  to  tha  gravity 
gradient  la 

•aa  til  *  I  * 

Tft  •  i-  r  x  1  ■  r  (21) 

<■»  a 

assuming  that  tha  aarth  1*  ipharical. 

Further, 

p  •  Earth's  gravitational  constant 

•  1.  4083  x  1018  ft3/eec2 

r  ■  Unit  vactor  In  direction  of  aarth'a 
radian*  vaotor 

R  •  Dtatance  from  aarth'a  canttr  to 
body's  cantor  of  mi  as 

i  ■  Moment  of  inertia  dyadic  of  tha  body 


i 

(■ 


m 


AS  •  +97,  3  arc  sec 
A*  ■  +74,  0  arc  aac 

Ai^  >  +10,  0  arc  aac  with  a  1,  23  arc  wee 
variation 

and  the  correct  modal  givaa 

AS  •  +100  aeconda  of  arc 
Ad  •  +87.  B  arc  aac 

A^  ■  +9,  0  arc  aac  with  a  1,  38  arc  aac 

variation  at  tha  apln  frequency 

Baaed  on  these  raaulta,  tha  modified  aolar 
praanura  la  aufflciantly  accurata  for  aimulation 
parioda  of  1(8  orbit,  and  waa  uaad  In  aubaaquent 
analvata. 


Gravity  Gradient 

E.qiUlUflO*.--  The  equation!  for  tha  gravity 
gradient  art  axprasaad  in  a  body-fixed  axis 


In  body  coordlnatea  the  equation!  era 
<Ia*Iy>  rBy  rBa  1 


fT  1 

r 

Tay 

.  JL 

R3 

lTQ*. 

L 

i 


*  W  rBirBx 


(23) 


where  rg*,  rgy,  and  ru(  are  tha  direction  coalnaa 
of  tha  umt  vector  from  the  aarth'a  center  of  maia, 

Computer  Blmulatlon-Rtiulti  --  A  complete 
orbit  aimulation  waa  conductadi  Fig,  is  la  a  plot 
of  tha  torqua,  For  symmetric  apaoecraft  aa  we 
have  choeen  hare,  tha  y- component  of  torqua  la 
aero,  Tha  T*  and  Tt  torqua  component!  are 
cyclic  and  are  tha  lima  except  they  are  90  degrcaa 
out  of  phaae.  Two  aero  torqua  pointi  occur  be- 
cauaa  tha  spacecraft  principal  momant  of  inertia 
la  normal  to  the  orbit  plana  twice  per  orbit.  Tha 


Fl|<  IS,  Torque  on  Spacecraft  Dim  to  Qravity  Gradient 


magnitude  of  ths  torqua  la  ITS  a  10"®  ft-lb,  which 
la  about  two  ordara  of  magnitude  higher  than  tha 
other  fiva  torquaa, 

Tha  attituda  deviation  dua  to  thia  torqua  doaa 
poiaaia  variation  at  tha  apin  frequency  but  haa 
only  a  peak-to-peak  variation  of  I,  B  arc  aaconda 
In  A9  at  3600  aaconda  and  ia  a  rowing  with  time, 
For  tha  attituda  accuracy  of  14  arc  aaconda,  tha 
torqua  tarma  that  craata  tha  attituda  variation  at 
tha  apin  froquancy  may  ba  eliminated,  Tha  torqua 
doaa  cauaa  a  negative  deviation  in  attitude,  and  at 
3  BOO  aaconda  tha  devlatlona  in  9,  9,  and  ^  are 
■  17,  *80,  -63  arc  aaconda,  raapectivaly.  The 
torqua  affecta  pracaialon  of  tha  ipacaeraft,  t 
and  di,  more  than  apin  decay,  9,  Evan  for  tha 
relatively  large  value  of  tha  torqua  magnitude, 
tha  deviation  in  attituda  la  not  correspondingly 
larger  than  tha  deviation  dua  to  tha  other  torqua, 
Thia  la  dua  to  tha  attenuation  of  cyclic  torqua  at 
■pin  frequencies, 


Tha  torqua  equatlonja  than  given  by 
T 


av)(avx  r§)  dS 


stn .  ;v>o> 

+  icPaVof 
+  (b  'll  [«ixrf]  «  r( 


c*V 


S(n.  »c  >  o) 


(33) 


where 

n  ■  unit  vector  in  direction  of  normal  to 
aurfaca,  dS. 

a  •  V  / 1 V0  (  »  unit  vector  in  direction  of 

translational  velocity  of  canter  of  maas 
relative  to  incident  atraam 


Aerodynamic  Toroua 

Equations  -•  Tha  torqua  produced  consists 
of  aerodynamic  pressure  torqua  dua  to  tha  space* 
craft's  oantar  of  mass  velocity  and  a  dissipative 
torqua  dua  to  tha  spacecraft's  angular  rats,  Tha 
torqua  aquation  including  these  two  affaots  is 
taken  from  Beletskii'a  work  (Ref,  1),  Tha  torqua 
aquation  ia  valid  whan  tha  spacecraft's  angular 
valoclty  is  larga  comparsd  with  tha  rotation  of 
tha  atmoaphere  (earth's  rata  approximately);  tha 
linear  aurfaca  velocities  dua  to  the  spin  of  tha 
satalllta  ia  small  compared  with  tha  apaaeoraft's 
canter  of  mats  velocity;  and  tha  angle  of  attack 
of  each  aurfaca  encountered  is  lass  than  n/l. 


F.  •  radius  vaetor  joining  surface  clamant 
canter  and  spacecraft  canter  of  mass 

The  first  term  of  Eq,  (33)  represents  torqua 
dua  to  misalignment  of  spacecraft  canter  of  mass 
and  oenter  of  pressures,  Tha  second  term  rep¬ 
resents  dissipative  torqua  dua  to  spacecraft  spin, 
Upon  examining  tha  coefficient  of  asch  term,  tha 
torqua  dua  to  canter  of  pressure  misalignment 
is  approximately  a  factor  of  V0  larger  than  the 
dissipative  torque  coefficient  when  ur  «  V0  . 

For  a  BOO  km-alUtude  orbit, V0  is  8,  694  x  10® 
ft/ sec, 
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Kreviou*  investigation*  sstimated  that  1/8 
ep.  V*  is  2  x  10-t  ih7ft>.  Than,  dividing  by  V0, 
'■>,  f.  ge.>.  0.  76  X  10' 11  lb / ft3 , 

Dissipative  torque  ia  a  factor  of  10'*  laai 
than  pres aure  torque  and  ia  aufflcientlv  email  io 
that  the  second  term  of  Eq.  <3 3 >  will  be  neg¬ 
lected.  Than,  the  aerodynamic  torque  equation 
la  given  by 


l/?cptV» 


*v)(*v  x  TjJdS 


S(n  ■  ey  >  0) 

The  domain  of  integration  ia  indicated  by 
SCR  fv  >  0).  Thla  meana  the  angle  of  attack  of 
each  aurface  element  la  leea  than  n/6,  The  ARM 
spacecraft  aurfacea  conalat  of  a  hexagonal  cylin¬ 
der  and  rectangular  aolar  panela, 


The  direction  of  the  stream  la  in  the  orbit  plane, 
and  for  thla  reason  the  spacecraft  will  present  a 
different  aurface  to  tha  stream,  depending  on  the 
attitude  of  the  vehicle. 


Fig,  18  illuetratei  two  orientations  of  the 
spacecraft  that  give  two  different  domains  for 
Eq  (24). 

The  aerodynamic  torque  will  be  represented 
by  two  equations  bacauaa  of  the  different  aurfacea 
presented  to  tha  stream  aa  ahown  in  Fig.  IB.  In 
Fig.  16b,  the  force  along  tha  y-axla  due  to  tha 
stream  ia  positive.  Fig.  16a  illustrates  that  tha 
force  along  tha  y-axle  is  negative. 

Derivation  of  Torque  for  Fy  ^  0t  The  com¬ 
putation  can  be  done  on  etch  aurface  and  summed 
over  the  domain  of  Integration.  The  spacecraft 
hae  two  basically  different  gaomatrias  ••  a  hex¬ 
agonal  cylinder  and  aolar  panels.  Tha  haxagonal 
cylinder  is  comprised  of  six  planes  aa  ahown  in 
Fig.  17,  Tha  body  coordinates  are  alao  ahown 
in  Fig,  17, 

Torque  on  the  cylinder  le  computed  by  in¬ 
tegrating  over  each  of  tha  surfaces  (1*1, ... .  6) 
and  using  only  they  torquea  on  tha  surfaces 
which  satisfy  ni  .  evX>, 

Torque  due  to  the  solar  panels  ia  computed 
assuming  that  tha  aolar  panela  can  ba  approxi¬ 
mated  by  a  disk  aa  shown  in  Fig,  16, 

The  torque  equation  for  tha  disk  whan  Fy*0 
ia  given  by  J 

f  •  z  cp,Vq  j'(n.^>  (#>?,)  da 

S(n.  ev  >0 ) 

The  integration  will  ba  performed  over  the 
shaded  area  of  Fig,  16,  and  the  results  subtract- 
ou  from  tha  Integrated  result  over  tha  entire  disk 
defined  between  rs  and  r4. 


Stream 


(a) 


Fig.  18,  Spacecraft  Shadowing 


The  ind  of  the  cylinder  contribute!  a  torqua 
whan 

ev  •  (-j)  XJ, 

Derivation  of  Torque  for  ov»  3  >0  or  Fy«0: 
Torque  due  to  aerodynamic  pressure  is  different 
(Fig.  16a).  Tha  aolar  panala  era  not  shadowed, 
but  tha  cylinder  ia  aa  anown  In  Fig.  16,  Tha  sha¬ 
dow,  however,  on  tha  cylinder  will  ba  limited 
due  to  tha  attitude  control  limits, 

Tha  shadow  on  tha  cylindar  will  affect  the 
limits  of  Integration  for  the  torqua  dua  to  tha 
cylinder. 


In  tha  derivation  of  tha  torqua  for  tha  aolar 
panela,  ws  again  assume  a  solid  disk  aa  before, 


Tha  torqua  on  tha  cylindar  for  ?v-i  >0  la  di 
rived  tha  same  as  lor  *v .  jsO.  Only  tha  limit 
of  Integration  for  Lg  la  ohangad, 


Fig.  17.  Spacecraft  Hexagonal  Cylinder 
Configuration 


Fig.  18.  Shadowing  on  Solar  Panal  Dui  to 
Spacecraft  Cylinder 


Fig.  18,  Shadowing  on  Cylinder  Due  to 
Sola*  Panala 


The  limit  of  integration  for  Lj  ie  a  function 
of  the  apaoaoraft  attitude  relative  to  the  etreem. 
The  new  limit  of  integration  la  given  by  Lj. 

A 

The  torque  due  to  the  disk  for  *v .  j  >0  la 
given  by  integrating  over  the  diek  of  radiua  r4, 

Summarising  the  equation i  for  the  torque,  on* 
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m*a ni  sum  over  the  surfaces  whoa*  angle  o t 
attack  la  positive. 

The  torque  aquation  derived  above  la  not  an 
exact  representation  of  the  vehicle's  aerodynamic 
torque.  Frictional  or  diaalpatlve  torquea  were 
neglected. 

In  the  derivation  of  pressure  torque,  the  ao- 
lar  panala  were  assumed  to  be  a  aolid  dlak,  where 
in  aotuallty,  alx  reotangular  panala  are  the  aolar 
panala  (aaa  Fig.  20), 


Fit1.  30 .  Solar  Panel  Configuration 


The  torque  due  to  the  aolar  panda  In  reality 
la  varying  with  a  frequency  alx  tunea  the  epin  rates 
aa  oppoaed  to  the  reault  obtained  In  thla  analyata. 
The  reault  derived  In  thla  analyala  la  varying  rel¬ 
ative  to  the  body  axle  only,  but  not  the  magnitude 
ol  the  torque.  In  Fig.  30,  the  ahaded  area  cover  a 
only  part  of  the  two  aolar  panala,  and  aa  the  apace- 
craft  rotate*,  varying  unounta  of  aolar  panel  area 
are  ahaded,  It  la  for  thla  raaaon  the  magnitude  of 
the  aolar  panel  torquaa  la  varying  approximately 
alx  time*  the  apin  rata,  The  diak-anaped  panala 
glva  a  larger  magnitude  of  torqua  but  remain  eon* 
atant  in  abaoluta  value, 


Computer  Blmulatlm  lUaulta  -  A  iLmulatlon 
of  one  full  orbit  waa  made  and  the  torque  la  ahown 
In  Fig.  31.  The  magnitude  of  the  torque  variea 
with  position  in  orbit  ranging  In  value  from  aero 
to  3,0  x  10"’  ft-lbi  Tha  x-oomponart  la  cyalio 
at  tha  apin  fraquar.oy  and  poaaaaaaa  two  nulla  over 
one  orbit,  The  null  point  oncura  when  the  angle  of 
attaok  la  aero.  Beuauie  spacecraft  la  apin  itabU- 
litd,  the  angle  of  attaok  will  beooma  aero  twice, 
Tha  y-oomponant  of  torque  la  aero. 


eft 


The  deviation  of  tha  attitude  due  to  thla  tor¬ 
que  la  bounded  over  one  orbit,  The  deviation  of 
raaohea  -5  arc  aeoonda  at  1200  aeconde  and 
remalna  conatant  to  3300  aeconde,  and  the  de¬ 
viation  then  raachaa  +2.  0  *ru  aeconde  at  3900 
aeconde.  Tha  attitude  angle  a  are  bounded  within 
+  10  and  -20  arc  aeoonda  for  i^and  within  +28  and 
+5  aro  aeconde  foi  a  Tha  asrodynamlo  torque 
Indicate!  greater  effect  on  the  praoaaalon  of  tha 
angular  momentum  veotor  than  In  tha  apin  decay. 
Tha  ayclic  variation  at  tha  apin  frequency  la  at 
moat  9,  B  aro  aeoonda  peak  to  paak,  Thla  aug- 

«aata  that  oycllo  tarmi  of  the  torque  modal  oan 
a  dropped, 

TQRQUS  MODEL  UNBAKTY  SFrBCT 

For  purpoaaa  of  simplifying  tha  vehicle  modal 
uaed  In  an  attitude  eatlmation  algorithm,  pre¬ 
diction  time  a  for  various  comblnatlona  of  torque 
muat  ba  determined,  A  linearity  analyala  waa 
conducted  to  ahow  that  tha  affaot  of  aaoh  of  the 
five  torque*  oan  be  summed  to  give  the  aazne 
effect  as  tha  oombinadflve  torquaa, 

Tha  analyala  oonalstad  of  computing  tha  atti¬ 
tude  deviation  due  to  the  Individual  torquaa  raia- 
tivs  to  an  untorquad  ipacaoraft,  computing  tha 
attitude  deviation  dua  to  the  oombtnea  torquaa  rel¬ 
ative  to  an  untorquad  apaoaoraft,  and  lamming 
tha  Individual  attitude  deviations  to  oompare  with 
tha  combined  attitude  deviation,  The  Initial  oon- 
ditloni  uaad  for  tha  analyalai 

fl  »  0. 79  rad 

1  *  1,  70  rao 

v  ■  3. 3690  rad 

\p  •  0,  87  rad 

6  ■  3, 14  rad 

tf  ■  3,  37  rad 

■  I,  »  86,  68  slug-ft3 

ly  ■  68.63  alug-ft3 

0,  006674  rad/aao 

wy«  0. 314169  rad/aao  ■  3  rpm 

0.  20784  x  10'8  ft.^j.aao 

P?  ■  0.  73033  x  !  O’*  ft-l^j-aae 

Ps  *  -0,  63S63  X  10’®  tta^kalAS 

Mx  •  My  •  M,  «  8. 17068  x  10‘*  ft-lba 

Q 


/ 


C-i 


i  til  l  iu i  im«  iMt  i  iwi  iw  i  him  iii4 «  im.i  nil  i  mm  i  i«u  mn  mu  mil  hmi  mi»»  mi  i 


Flf.  31.  Torque  on  t  Spacecraft  Due  to  Aerodynamic 
Preeaure,  One-Orbit  Simulation  * 


(  I  Solar  preeaure  constant  •  1  x  10"1  lb  a 

ft3 

Aerodynamic  preeaure  oonatant  •  3  x  10’7  lba 

ft- 

The  difference,  A  (  AS),  la  approximately  0,  5 
aro  aao  after  46  mtnutea  of  orbit,  Thia  number 
could  very  well  be  attributed  to  roundoff  (10th  and 
11th  decimal  place).  The  difference  in  A  (  A  p)  la 
at  worat  0, 16  aro  second  over  46  mlnutaa,  and 
A  (  A44  la  at  worat  0. 6  aro  aeoond,  Thu  reaulta 
demonatrate  the  linearity  effeot  of  the  torques  on 
the  apaoeoraft  attitude.  The  reault  allowa  one  to 
qulokly  determine  the  prediction  time  allowed  to 
meet  the  apeoified  it- arc  aeoond  acouracy  in  at¬ 
titude. 

flQMZAaao^g^^^flu&  srrscTs 

Tablea  2  end  3  11a t  each  torque  and  ahow  the 
effeot  on  apin  decay  { A 9)  and  preceeaion(A  plover 
45  minute  aimulation,  The  reaidual  magnetic  mo¬ 
ment  and  eddy  ourrenta  cauae  the  neatest  apin 
decay.  Solar  preaaura  oreatea  a  apln-up  whioh 
reduoea  the  total  apin  daoay,  Table  3  anowa  that 
gravity  gradient  and  aolar  preaaura  cauae  the 
greateat  effeot  on  preoeaalon  (  Ap). 


liat  attitude  deviation  for  varioua  combinatlone  of 
torque  relative  to  the  untorqued  cue,  The  laat 
oolumn  in  eaoh  table  la  the  deviation  due  to  the 
five  torquee,  The  deviationa  in  the  other  columna 
are  oompared  to  the  laat  for  determination  of  the 
prediction  time,  Tablea  4  and  S  ahow  that  the 

Srediotlon  time  la  leaa  than  5  mlnutaa  whan  only 
ta  reaidual  magnetic  moment  and  eddy  current 
models  are  inoluded, 

Table  J.  Summary  of  A9  Attitude  Devia¬ 
tion  Due  to  Each  Torque  and  the 
Total  Torque 
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The  prediction  time  la  tha  time  elapsed  when 
the  vehicle  modal  attitude  propagation  for  different 
combinations  of  torque  differs  from  tha  five -torque 
attitude  propagation  by  14  arc  aec,  Tables  4  and  8 


By  adding  solar  pressure  torque  to  the  model, 
the  prediction  time  can  be  at  least  10  minutoa, 
baaed  on  the  five  torque  model  total  environment. 
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Tibia  3,  Summary  of  6*  Attltuda  Deviation 
Dua  to  Each  Torqua  and  tha 
Total  Torqua 
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CONCLUSIONS 

Darlvitlon  of  Modala 

Tha  effects  of  five  environmental  disturbance* 
on  tha  apioaorift  hiva  baan  determined  for  tha 
given  apioaorift  million,  Tha  torquaa  dua  to  tha 
eddy  ourranta,  aolir  praaaura,ind  a  a  ro  dynamic 
praaaura  depend  on  tha  apioaorift  configuration 
and  wara  darlvad  for  tha  apaclflc  apioaorift  con¬ 
figuration.  Tha  torqua  dua  to  addy  ourranta  wia 
darlvad  only  for  tha  apioaorift  akin  baoiuaa  of 
liok  of  daflnltlon  nf  oomponanta  and  packages  In 
the  apioaoraft,  And  in  general,  a  oloatd-form 
solution  for  tha  addy  ourranta  la  feialble  only  for 
a  few  apeolil  oiaaa,  It  la  oonoludad  that  an  exact 
modal  for  the  entire  aouroa  la  not  faaalbla,  Tha 
torquaa  dua  to  aolir  praaaura  and  aerodynamic 
praaaura  wara  darlvad  In  oloaad  form,  but  dua  to 
time-varying  ahadowa  In  tha  apioaorift,  the  oloaad- 
form  aquation*  are  vary  oomplax,  Tha  aolir  prea- 
aure  torqua  modal  program  axaoutad  four  tlmaa 
elowar  than  tha  othar  modala  baoiuaa  tha  shadow- 
Ing  wia  varying  and  required  additional  numarloil 
oomputatlon  at  aaoh  integration  atap.  Consequent¬ 
ly,  a  modified  varalon  of  tha  modal  waa  uaad  whloh 
proved  to  be  aoourate  over  a  half  orbit, 

Tha  torque*  dua  toaody  ourranta  and  the  resi¬ 
dual  magnetic  moments  wara  found  to  have  the 
greatest  spin  decay  affect.  Tha  gravity  gradient 
torqua  had  tha  greatest  affect  on  the  precession 
(aandil),  1, a,,  angular  momentum  praoeaalon. 

Tha  aolir  pressure  created  a  apln-up  and  la  third 
In  lta  ab io lute  effeot  on  apin.  And  the  aerodyna¬ 
mics  torque  had  tha  least  effeot  on  the  rpaoaoraft 
attltuda.  Tha  flva  torquaa  ware  Incorporated  Into 
a  vehicle  model  that  was  uaad  In  a  simulation  of 
the  true  attltuda  datsrmlnatlon  sensor  output, 

Raf.  (10),  For  S  minutes  propagation  tlma  ba- 
twaen  utclltr  obaarvatlona,  tha  torquaa  dua  to  tha 
raaldual  magnatto  momanta  and  tha  addy  ourrant 
are  adequate  for  ua*  In  tha  attitude  estimation  al¬ 
gorithm,  Raf,  (10). 

By  adding  tha  solar  praaaura  to  tha  algorithm 
modal,  tha  spin  decay  over  4&  minutes  la  wall 
within  the  accuracy  of  14  aro  asoonda,  Kowavar, 
tha  pracaaaion  error  limits  tha  prediction  tlma  to 


Table  4,  Comparison  of  the  Effect  of  Dif¬ 
ferent  Combinations  of  Torqua  with 
the  Total  Torqua  Effect 
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Table  &,  Comparison  of  tha  Effect  of 
Different  Combinations  of 
Torque  on  Praoeaalon  (?) 
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mowin'.  ilfly  aurrtnii.  ind  talar  priiiyrt, 

C 1)  ♦  ( J)  •  (31  •  Attitude  deviaiian  dug  to  randutl  ms|ntue 

montfil,  addy  ourranii,  irH  gravity  gradlant, 

( 1)  ♦  (II  ♦  (SI  •  (4)  •  (I)  ■  AlUl'Jdt  Mvtitian  dua  to  all  fitg  lorquti, 

about  10  minutes  using  only  tha  magnetic  and 
solar  praaaura  torques, 

Simplification  of  Model 

The  "Hat"  eddy  ourrant  model  waa  found  to 
havt  nearly  the  same  effect  on  attitude  aa  the 
spherical  model,  Therefore,  tha  apharloal  model 
la  adequate  for  tha  estimation  algorithm,  Tna  ad¬ 
vantage  la  that  It  has  one  coefficient,  This  re¬ 
duce*  the  number  oi  parameter*  to  be  eitlmated 
and  naturally  ipeeda  execution  of  the  algorithm, 
whloh  ie  Important  when  one  year  of  data  must  be 
proosaaad,  Purely  cyclic  term*  in  all  of  the  tor¬ 
ques  may  bs  removed  without  loaa  of  state  propa¬ 
gation  accuracy  yet  gain  spaed  In  program  execu¬ 
tion,  This  waa  shown  by  4,  C,  Foudrlat,  Raf,  (11), 
Dua  to  the  slow  execution  time  for  tha  solar  praa- 
aure  torqua,  it  was  modified  to  compute  the  tor¬ 
que  dua  to  tha  time-varying  ahadowa  over  one  spin 
oyols  and  Interpolated  for  tna  entire  orbit.  The 
modified  model  was  used  in  subsequent  simulation, 
Raf.  (10), 
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APF3NP1K  A 


Th#  aquation*  of  motion  used  to  analyze  the 
effect  of  the  torquea  arei 
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body  frame  are 

\p  about  the  Zj  axil 

$  about  the  firat  displaced  X  axl* 

6  about  the  aecond  dlaplaced  Y  axia 

The  transformation  aquation  is  given  in  Appen¬ 
dix  B, 

The  equation*  of  motion  are  written  in 
terms  of  Euler  symmetric  parameter,  Conver¬ 
sion  between  Euler  angles  and  th*  symmetric 
parameter  by  equating  the  transformation  matrix 
£  (l^/,di6)toK  (o, 

The  equations  of  motion  ware  programmed 
to  oomputs  body  rates  and  spacecraft  Euler 
angle  attitude  for  the  unterqued  case  and  the 
apacifiad  torque  caaa,  The  torque  in  body  axaa 
and  the  difference  in  Euler  angle  attitude  was 
plotted, 
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x 

» 

y 
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I*/ly  ■  inertia  ratio 
(torque*  divided  by  ly 


body  ratios 


*1 

°a 

yi 

ya 


Euler  aymmetrlc  parameters 


The  two  major  coordinate  systems  used  in 
this  program  are  the  inertial  coordinate  frame 
and  th*  body-fixed  coordinate  frame,  The  in¬ 
ertial  coordinate  frame  has  its  origin  at  the 
center  of  the  earth  with  the  X]  axis  directed  to 
the  vernal  equinox,  and  th*  Zj  axis  along  th* 
earth  polar  axis.  Th*  body  frame  has  its  origin 
at  the  center  of  mass,  and  the  axes  defined  by 
the  principal  moment-of-inertla  axes.  The 
Euler  angi*  rotations  from  the  inertial  to  th* 


Ecliptic  System  (Xe,Ye,Zt 


An  inertial  coordinate  system  with  origin  i 
th*  center  of  the  earth,  The  Xw  and  YE  axes  a 
in  the  ecllptlo  plan*  (th*  plane  of  the  earth's  or 
around  the  sun)  with  the  X  axis  directed  along 
th*  vernal  equinox  (that  point  of  intersection  of 
th*  soliptic  and  celestial  equator  where  the  sun 
crosses  the  equator  from  south  to  north  and  its 
apparent  annual  motion  along  the  ecliptic),  The 
Zj  axis  is  normal  to  the  soliptic  and  directed 
along  the  north  pole  of  the  ecllptlo. 


Equatorial  System  (Xj,Yj,Zj) 

An  inertial  coordinate  system  with  origin  at 
the  center  of  th*  earth,  The  Xj  and  Yj  axes  are 
in  the  earth's  equatorial  plane  with  th*  Xr  axis 
directed  along  the  vernal  equinox.  Th*  at  and 
Xr  axes  coincide,  Thu  Z,  axis  is  directed  parel- 
1*T to  the  earth's  polar  axis  towards  the  north 
celestial  pole, 


Body  Axes  System  (Xa,Y_,Z 


A  rotating  coordinate  system  fixed  in  the 
vehicle  with  origin  at  th*  vehicle  center  of  mass, 
The  Xb,Yb,  ZB  axes  coincide  with  the  principal 
axes  of  inertia  with  th*  YB  axis  directed  along 
the  nominal  spin  axis, 


The  Unprlmed  System 


Thu  coordinate  system  formed  when  the  body 
axis  system  is  translated  without  rotation  a  dis¬ 
tance  La  (Lj  0)  along  y-axls, 


The  Cylindrical  System  (r,  9,y) 

The  coodlnate  system  formed  by  letting  r 
measure  the  radial  dietance  in  the  a  -  t  plane  of 
the  unprimad  ayatem,  9  meaaure  the  rotation 
about  the  y-axla,  and  the  y  coordinate  la  the 
aame  aa  on  the  unprimed  ayatem,  (See  sketch 
below. ) 


Y 


The  Primed  System  (x', y',  s') 


Succeaeive  rotations  (i j/,  9,  9 )  define  the  orthogonal 
transformation  £  (\p,  9 )  from  the  equatorial 

Inertial  reference  frame  to  the  body  axes  refer¬ 
ence  frame.  The  rotations  are: 


\p  about  the  Zj  axis 
9  about  the  first  displaced  X  axis 
9  about  the  second  displaced  Y  axle 


A  vector  in  equatorial  inertial  coordinates 
le  seen  in  body  coordinates  aa  *B, 

where 


*B  * 

E<l^,«,  9)  ■ 


t  (*,  9,  9)  \ 

"c9c  \li-i\pu9i6 
•a\pc9 

s9ciA*si^a0c9 


■I^c9*cd/ada9  -a9oif 

Ct^  CC  By 

a9a^-oi//a®c9  c9c9 


(B2) 


The  coordinate  system  formed  whan  the 
unprimed  system  is  rotated  an  Integral  multiple 
of  n/j  about  the  y  -  axis.  (See  sketch  below. ) 
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One  translation  defines  the  transformation 
from  body  axea  tr  unprimad  axeai 


V 

X 

^B 

■ 

y  *  l2 

i 

L  j 

The  transformation  from  cylindrical  coordinates 
to  unprlmed  coordinates  la  described  by  the  fol¬ 
lowing  set  of  equctlonsi 

x  •  r  sin  9 


y  •  y  (B4) 

c  ■  r  cos  9 


Coordinate  Transformations 

One  rotation  c  defines  the  orthogonal  trans¬ 
formation  G  (c)  from  the  equatorial  inertial  sys¬ 
tem  to  the  ecliptic  inertial  reference  frame. 
This  rotation  is 


A  rotation  of  (l  -  1 )  -y,  t  ■  1,  3,  ,  , . ,  6,  defines 

the  orthogonal  transformation  M(i)  from  the 
primed  to  the  unprlmed  system, 

Hers, 


c  about  the  •  X,  axis 


cos  y  (1  ■  1) 


0  elny  (i  -  1) 


where 

c  is  the  obliquity  of  the  eclipti:.  Its  mean 
value  in  1980  la  33’  3  8  40,16'  .  This  is  the 
angle  between  the  ecliptic  and  the  celestial 
equator.  A  vector  3j  In  the  equatorial 
frame  la  seen  as  the  vector  S»  in  the  ecliptic 
frame  where  S#  ■  G(c)  S- 


M(l) 


and 


-sin y  (1-1)  0  cosy  (i  -  1) 

X  •  M  (1)  X\ 
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A.  LEAST-SQUARES  ATTITUDE  DETDIMINAT ION  ALGORITHM  UTILIZING 
STARKAPPER  AND  SUN  SENSOR  TIKE  PULSES1 


D.  L  Scharoack 
gyataa*  and  Raaaarch  Center 
Honeywall  Toe. 

It.  Pauli  Kinriaaota 


A1 STRAP I 

Thli  paper  daaerlbaa  a  fallibility  a.udy  of  an  attitude 
determination  achaaa  lor  tha  Keriton  Definition  Maaauraaant  Program 
(HSKP)  attaint*. 

On-boa. d  Inatruaantatlon  for  attitude  determination  included 
a  atarnappar  and  aun  aanaor  lnatruaant  paskaga.  Thi  inttruoant 
Output*  ara  tlaa  pulaaa,  which  occur  whenever  a  atai  (or  tha  aun) 
antara  an  InrTuaant  field  of  via a.  A  aaquanca  of  i.uoh  pulaaa 
can  ba  Intarpratad  aa  rotary  notion  only  through  Integration  of 
tha  nodal  aquation*, 

Tha  aolutlon  of  the  aodal  differential  aquation*  can  ba 
axpraaaad  aa  a  function  of  the  initial  condition*,  the  nodal  para- 
natar i,  and  tlaa.  Tha  problan,  than,  bacoqua  on*  of  finding  thoa* 
Initial  condition*  and  paraautera  that  blit  explain  the  obaarvad 
■tar  and  aun  lighting  tlaa  pulaaa. 

Tha  aathod  of  laait  iqutraa  waa  ohoaun  to  tolv*  thi*  problan. 
It  la  ahovn  that  tha  aathod  product*  an  accurate  attitude  aitiaata 
froa  nolay  ataraappwr  tlaa  pulaaa,  even  though  tu*  nodal  aquation* 
ar*  quit*  dlffarant  froa  reality.  It  1*  alto  ahown  that  with  a 
proparly  dealgnad  aun  aanaor  it  la  poaaibla  to  datamlna  all  ini* 
tlal  condition*  and  paramatata  axcapt  for  on*  of  tha  initial  atti¬ 
tude  *ngl*a.  Thaaa  faeca  determine  an  attltud*  determination 
algorithm  that  la  aultabl*  for  aatlmating  tha  attitude  of  tha 
HDKP  aatellit*,. 


aTRQa.'CTigs 

Thi*  paper  daaerlha*  a  fallibility  atudy 
of  an  attitude  datarnlnatlon  aohana  for  the  Horl- 
aon  Definition  Maaauraaant  Program  (UDKP)  Jatcl- 
llta  (Raf.  1). 

The  USKP  latalllta  war  tonetivad  to  ba  a 
apln-itablllaad  wheel  configuration  with  tha 
angular  mccaantua  vector  neainally  along  tha 
apacacraft  exit  of  aywnatry,  On-board  inatru- 


■antatlon  for  attitude  determination  Included 
a  atarnappar  end  aun  aanaor  lnatruoent  package. 

The  *'*»lc  aathod  for  datarmlnlng  the  atti¬ 
tude  of  a  rotating  vahlola  froa  itaraeppar  tin* 
pulaaa  la  daaorlbad  by  Oroach  in  Raf.  i.  Ha 
wa*  tha  flrtri  to  diaplay  an  aquation  (hi*  eon” 
attaint  aquation)  that  nuet  b*  true  at  a  tar 
aightlng  inatAnt*.  Hie  problem  vac  that  of 
•atlMtlng  tha  attitude  of  a  aplnning,  rigid, 
torqua-fraa,  ayaoatric  body.  He  w*a  able  to 


‘Thi*  work  waa  don*  undar  NASA  Contract  Ho.  MAS  i -6010 ,  Hay,  1967, 


.ft  . .  ■  '1  ■  Jr 1 , 


do  eh  La  wUh  the  knowe  analytic  solution  far  the 
vehicle  motion,  the  star  sighting  tlma  pulaaa 
from  the  atarmappar,  and  tha  constraint  aquation. 
HU  results  are  extended  her*  to  »h*  cate  of  a 
•pinning,  rigid  body  undar  tha  influence  of 
torqu«i.  A  marhod  for  utilising  tun  aansor  tin* 
pulses  1«  tlio  developed. 

Ik*  modal  differential  equationi  for  aetel- 
lit*  rotary  notion  »ra  of  greet  Importance  In 
determining  attltuda  with  the  eaaumad  Inetrumant 
package ,  Tha  lneqrumant  uutpute  art  tint  puli**, 
whiah  occur  whenever  *  i ear  (or  tha  iuu)  antari 
an  lnatrumant  flald  of  view.  Aaiuming  aolutlon 
of  tha  atar-puli*  matching  problem,  a  aaquanca  . 
of  auch'pulaaa  can  ba  Interpreted  ai  rotary 
notion  cii\y -through.  Integration  of  the  nodal 
aquation*.  fnd  batvr  thaia  approximate  reality, 
tha  better  tha  tine  pulaaa  ear  ba  interpreted  at' 
attitude.  However,'  unpredictable  torque*,  aith 
ei  Choae  produoad  by  •etepyold  impact*,  produce 
unoaittinttai  In  the  notion,  ao  ther\  la  a  Unit 
to  tha  accuracy. of  the  knowledge  of  tha  notion. 
Moreover,  tha  td*t*-uaant  Una  pulaaa  thuuelvaa 
nay  be  in  error  by  randan  amounts,  saklng  It 
naenaaary  to  conaidar  tha  vtatlatlea  of  tha 
tlaln*  pulca  error  In  tha  interpretation  of  tha 
•Ignat, 

Tha  ehoaan  approach  to  tha  attltuda  dattr- 
mi net  inn  problac  la  flrat  to  eat  up  tha  nodal 
differential  aquation*  aa  accurately  *•  poaalbla, 
In  ordar  that  tha  aclutlon  approximate,  aa  cleie- 
ly  aa  poaalbla,  qhe  notion  of  tha  vahlola.  Tha 
nagnltudaa  of  tha, tor qua*  in  thaia  aquation*  era 
p*orly  known,  alnoa  they  depend  on  satellite 
oheraatarlatloa  that  cannot  ba  aceurataly  dates- 
nlnad  before  launch.  Additionally,  tha  vehlale 
monant  uf  Inertia  ratio*  change  alowly  with  tine. 
The  magnltudaa  and  ratloa  can  be  aaauiaad  to  ba 
con* cant  over  raeaonably  long  tlaa  Intervals, 
and  they  are  Included  aa  paraaatasa  to  ba  datar- 
mlntd.  Tha  aolutlon  of  tha  differential  aqua¬ 
tion!  can  ba  axpraaaad  aa  a  function  of  tha  Ini¬ 
tial  attltuda  anglaa  and  angular  valocltla*  (tha 
Initial  condltlnna),  tha  nodal  par ana  tar  a,  and 
tlaa.  Tha  problem,  than,  baooMi  one  of  finding 
thoaa  Initial  oondltlone  and  parameter*  that  beat 
explain  tha  obaarvad  atar  and  aun  alghtlng  time 
pulaaa.  Tha  attitude  aatimata  la  raeevated  from 
Integration  of  tha  differential  aquation*  with 
tha  datarmlnad  aet  of  initial  oondltlone  and 
parameter! • 

Tha  method  of  laaat  equaraa  wot  shoaan  to 
•olva  this  problem.  Thia  waa  a  practical  choice 
bceauaa  tha  data  raductlon  wa*  to  ba  dona  a 
posteriori  on  tha  ground.  Tha  function  to  ba 
mlnlmlaad  i.a  taken  aa  tha  aum  of  tha  aquaraa  of 
tha  obaarvatven  aquation  error*,  whara  tha  obaar- 
'utlon  aquation  la  a  ralatlonahlp  batvaau  tha 
•tata  varlablaa  that  should  equal  aero  at  each 
observation  inatant.  Thus,  tha  mean  error  In  tha 
observation  aquation  at  each  obiarvetlon  inatant 
la  mlnlmlaad. 

Thia  papar  detail*  tha  development  of  tha 
laaat  aquaraa  data  reduction  algorltha  and  tha 
retulte  derived  therefrom.  Xt  la  ahown,  on  tha 


basis  of  computer  simulation  raaults,  that  tha 
method  produce*  an  accurate  attitude  aatlmata 
from  noisy  atarmappar  time  pulaaa,  even  though 
tha  awdat  aquation*  ara  quite  different  from  tha 
assumed  reality. 

A  moat  Interesting  part  of  tha  study  la 
that  of  determining  what  paramatara  and  initial 
condition*  can  b*  obtained  from  aun  sector  data 
alona  (viewing  tha  sun  aa  a  fixed  object  In 
•pact),  ft  1*  shown,  on  tha  baalt  of  certain 
computer  studies,  that  with  a  properly  daalgnad 
aun  senior  It  la  poaalbla  to  determine  all  ini¬ 
tial  conditions  and  paramatara  except  for  one  of 
the.  Initial  attltuda  anglaa. 

finally,  an  attitude  determination  algo¬ 
rithm  la  described  that  uaaa  atarmappar  observa¬ 
tion*  during  tha  dark  part  of  tha  orbit  and  sun 
aenscr  pulaaa  during  tha  daylight  part.  Thia 
algorithm  la  suitable  for  eitimsclng  tha  attl¬ 
tuda  of  tha  HIM  satellite. 


HQTATIOH 

State  Variable* 

«l ,  w  ,  id  Vahlola  angular  rataa  along  prinel- 
x  y  pal  body  axaa 

t,  ®,  3  lular  anglaa  relating  principal 
axe*  to  Inertial  apaca 

t  Tima  ( independent  variable) 

x  State  vector  with  component!  (u>  , 

V  1,  0,  B) 

Subscript  (o)  on  atata  varlablaa  indicate*  ini¬ 
tial  conditions,  usually  taken  at  tg  ■  0. 

WiiiJtsmiui 


Vahlcla  momenta  of  Inertia  along 
principal  x,  y,  and  a  axaa, 
raapactlvaly 


A,  C  Moment  of  lnartla  ratloa,  takan  aa 
1^  and  X,,  raapactlvaly,  divided 

by  h 

H  ,  K  ,  K  Vahlcla  magnetic  moment  coaffl- 
’  citnts  with  reipact  to  principal 

coordinates 


k>  *;>  k.' 

K 


Kagnatle  moment  coefficient* 
divided  by  Ig 

Vahlola  magnetic  eddy  current 
coefficient 


K'  Magnetic  eddy  current  ruaffldant 
divided  by  X^ 

a,,  %s,  a.  Vahlola  offaat  angle*  relating 
!  axparlmantal  axaa  to  principal 
coordinate* 


1 

Th*  veetor  («t,  *g,  *3) 

A 

Parameter  victor  with  componinti 
(A,  C,  M^,  H;,  M,',  *') 

y 

Complete  paramatir  vector  with 
component*  (xo,  e,  *) 

BtUJllMlHU 

n 

Longitude  of  th*  aieandlng  nod* 

i 

Xnollnation 

V 

True  anomaly 

ttU.lBWt»ll 

a 

Bight  aecinslon  of  a  given  iter 
with  reipect  to  Inertial  epee* 

6 

Declination  of  a  glvan  itar  with 
raapect  to  lnartlal  ipaca 

Coordlnata  frame*  and  Vaetor* 

4*  *:•  k: 

Unit  vector*  In  th*  inertial  x,  y, 
and  *  ditaationi,  reipectlvely . 

1.  point*  toward  th*  fine  point 

of  Aria*,  kg  point*  toward  th* 
north  pole,  and  Jg  complete*  th* 
right-handed  triad. 

lo'  V  ko 

Unit  veotor*  defining  the  orbit 
coordlnata  frame.  lfl  point* 

toward  th*  vahicU  from  the  center 

of  th*  earth  and  k  l*  normal  to 

0 

the  orbit  pline.  hg  complete*  the 
rlghthanded  triad. 

^8*  ^8’  ka 

Unit  vaetor*  along  th*  body  princi¬ 
pal  x,  y,  and  a  ooordlnatt  ax**, 
raipactlvaly. 

Unit  vector*  along  th*  lnitrumant 
or  experimental  x,  y,  and  *  coordi¬ 
nate  ax**,  raapavtivaly. 

Igj  Jj.  hg 

Unit  vaetor*  along  tha  ilit  frame 
x,  y,  and  *  coordinate  ax*t, 
raapaotlvsly. 

l»’  V  km 

Unit  vaetor*  for  intarmadlatn 
coer dinar*  free**  In  th*  x,  y,  and 
■  dlraoUont,  e  *  1,,..,7. 

*1 

A  vaetor  (uiually  a  unit  veotor) 
with  iomponant*  along  th*  lnartlal 
x,  y,  and  *  un,  raipactlvely. 

kb 

A  vector  (uiually  *  unit  vaotor) 
vi th  componinti  along  tha  principal 
body  x,  y,  and  *  eoerdintt*  axai, 
raipaativaly. 

*_  A  victor  (uiually  a  unit  victor' 
with  component*  along  th§  experi¬ 
ment*!  »,  y,  and  ■  coordinate  ixti , 
respectively. 

xs  k  Victor  (uiually  t  unit  victor) 
with  component*  along  thi  iUt 
frame  x,  y,  and  t  coordinate  txii, 
respectively. 

amiaumn  amui 

B(y,<e,  8)  luler  transformation  from  lnartlal 

ipici  to  principal  body  coordinate*. 

C( *,,«., *,)  Transformation  froa  body  oootdl- 

‘  ‘  1  util  to  exparlmental  ooordlnatat. 

A(D,y)  Transformation  from  axpariaantal 

coordlnatai  to  allt  tram*. 

A-CP, v)  Jlret  row  vector  in  A(8,v),  repre- 

aantln*  dltaotlon  coilnai  of  the 
normal  to  thi  lilt  plana  In  experi¬ 
mental  coordlnatai. 


Lmt  Icuitai 

H(l  ,y)  Obiarvatlon  for  kth  trandt  time 
ai  a  function  of  paramatar  vector 

y> 

H  Vector  of  oonitralnti  for  all 

tranalt  tlmai  in  a  given  Interval 
of  time. 

0  Matrix  of  partial*  of  H  with 
raipaot  to  y. 

J  Leait-i^uare*  funotlon  to  be 
mlnlmliad, 

mmUiamu. 

>x,  B  i  B  Barth  magnitlc  field  componinti  in 
7  prlnotpal  coordinate*. 

Tx'  "v>  Ti  Twqua  componinti  In  principal 
1  coordinate*  divided  by  Ig, 

f  Half  field  of  view  angle  (rig.  3), 

(■ )  Tir&i  darlvativ* 

(  ')  The  prims  on  a  vector  or  a  matrix 
rapraiint*  the  trampoi*  of  the 
venter  or  thi  matrix. 
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mssu.  mssk 

Thi  differential  aquation*  for  the  rigid 
vehicle  rotary  notion  nay  b*  written  (Rtf.  3)  •* 


it  ■  u^  ooa  *  +  m  ain  I  (3) 

9  -  uuy  -  f  tin  0 

what*  u.^,  iiy  and  a^  ara  angular  rata*  about  tha 

body  prlnolpel  axaa  and  f,  t,  and  •  ar*  lular 
angle*  relating  body  and  inartlal  ooordinatai 
(Ti|i  1)|  A  and  C  ar*  th*  inert  la  ratioa 

a  -  yig 

.  (3) 

®-  V*t 

and  tk>  t  ,  and  t(  ar*  tha  diaturblni  torque* 
divided  by  Ig.  Preliminary  ttudiai  ahowad  that 

nainatie  uonant  and  addy  eurrant  torque*  war*  by 
far  th*  dominant  torque*  aotini  upon  tha  KEKP 
vahiol*.  Tor  th*  purpoeae  of  th*  faatibility 
etudy,  thaia  tor qua*  war*  taken  a* 

'a  ■  V*  •  Vy  + 

K '[■(»/+  »,2)^  +  VByV  »,%)] 

Ty  ■  Vx  ■  K\  + 

»'[■(»>  l1S)V»y(,.V  V.)]  ^ 

T.  -  '  V*  ♦ 

“'[•<»>  »y*K  +  »,(W  W] 

The  eoaffUlent*  H*,  Xy  and  ^  era  magnetic 

moment  coefficient*,  K  1*  the  addy  current 
coefficient,  and  th*  prime*  Indicate  that  tha 
eoefflelent*  have  all  been  divided  by  Xg,  tha 


nonant  of  Inertia  about  th*  principal  y  axle. 

Th*  magnetic  field  component*  of  th*  earth,  B^, 

By,  and  B(  era  aaiuaad  to  b*  in  body  soordinata*. 

Th*  ordering  of  th*  rotation*  in  Tig,  1  i* 
•omewhat  different  than  chat  utad  in  Raf.  3-  Tha 
ordering  wn*  aalactad  to  avoid  a  alngular  point 
that  could  occur  if  th*  praeaaiion  angle  war* 
aaroi  Alao,  dlvlalon  of  gq.  (1)  by  Ig  eliminate* 

a  paraaatar  in  tha  leetlona  that  follow.  Ihl* 
wa*  potilbl*  bacauta  th*  unknown  coefficient* 

H*,  Ky,  Kf  and  X  art  mulelplloatlv*  centtanc*  in 

the  torque  aquation*.  Divielon  by  Ig  merely 
eualae  them  differently.  * 


Tig.  1.  kaiationihlp  of  th*  Principal  Axle 
Coordinate  Tram*  to  Inertial  Ipac* 


The  atarmtppar  «nd  Ch«  ian  i*n»or  lnttru- 
aant*  conalit  baaically  s f  a  photocell  and  « 
plan*  with  a  atraight  narrow  tilt  in  it.  Iha 
(lit  and  tha  photocall,  vlawad  aa  a  lin*  and  a 
point,  raapactivaly,  aatabliah  tha  "(lit  plana" 
of  tha  inatrunant.  Tha  langth  of  tha  (lit  and 
tha  dtatanca  of  tha  photocall  bahind  tha  (lit 
datarain*  tha  inatruaant  (laid  of  view  in  tha 
(lit  plana.  Tha  inatruaant  la  atrappad  to  tha 
aatalllta,  ao  tha  allt  plana  twaapa  tha  haavana 
a*  tha  vehicle  rotatai.  taoh  tin*  a  (tar, 
viawad  aa  a  point  aouroa,  antari  tha  f la  Id  of 
vlav,  tha  photocell  la  trlggarad  and  an  output 
tin*  pulaa  ia  produced,  (it  la  ataumad  that  tha 
allt  plana  la  net  normal  to  tha  vahlela  angular 
velocity  vector,  ao  that  no  (tar  remain*  in  the 
field  of  vltw  for  a  finite  langth  of  time,) 

Tha  obaarvatlon  aquation  la  a  ralationahip 
that  ahould  ba  trua  at  timing  pulaa  lnatanta, 

At  auoh  an  lnatant,  tha  lint  of  tight  to  tha 
atar  liat  in  tha  Inatruaant  flald  of  view.  Thut, 
tha  aquation  atataa  that  tha  dot  product  of  tha 
allt  plana  normal  and  tha  line  of  tight  to  tha 
atar  la  aaro,  Mow  tha  atar  eoordinatti  era 
known  in  inertial  (pace,  wharaat  the  (lit  plan* 
la  tied  to  tha  rotating  aatalllta  coordinate 
frame.  Thua,  a  tarlat  of  rotation*  la  required 
to  get  tha  two  vaotora  into  tha  aama  coordinate 
frame. 

Tha  flrtt  rotation  ralataa  inertial  apace 
and  tha  body  principal  coordinate  frame,  Thua, 
a  vaotor  x^  in  inertial  tpaua  la  aaan  in  tha 

body  frame  aa  xg,  and  tha  tranaformatlon  matrix 
ia  l(i,®,8),  where 


Xj  -  Rxj.  (5) 


Matrix  I  can  b*  darlvad  from  rig.  1,  and  it  turn* 
out  to  ba2 


o8  of 

•  (8  if  *1 

ce 

M 

+  ae  a®  ci 

-a  8  c®* 

■o®  at 

c®  ci 

I® 

|8  01 

+  c8  a®  *1 

(8 

ai 

•  08  a®  cf 

00  e®( 

(6) 

It 

la  aaaumad 

that 

tha 

Inatruaant 

aoordi- 

not*  frame  la  dlaplacad  from  tha  body  principal 
eoordlnata  ayatam,  and  that  tha  ralationahip 
batvoan  tha  two  fraaaa  la  daacrlbad  by  rotationa 
through  tha  thraa  anglai  « ^ ,  tj,  and  a^.  Tha 

ordar  of  thaa*  rotationa  la  llluatratad  in  Pig, 
8,  and  tha  tranaformatlon  matrix  1a  C(«1(*8,ij). 


Fig.  £,  Ralationahip  of  tha  Inatruaant 
Coordinate  Pram*  to  tha  Principal  Axle 
Coordinate  Pram* 

A  vaotor  Xj  in  tha  body  frame  la  aaan  aa  Xg  in 
tha  experimental  frame,  where 


*K  "  CxB  W 


e(  )  and  a(  )  ar*  abbreviation*  for  eot(  )  and  ain(  )  in  tha  rotation  matrloaa  of  thla  taction, 


and 


ct3,*l+,*3*,2fl*l 

-,,3#‘a' 

c  ■ 

"e*8**i 

cV‘i 

**2 

u.efj+ct^Mgta^ 

,*3**l*c*3,<2e*l 

er3'*2 

(8) 


A  given  ill t  coordinate  It  ism  at  either 
tha  ataraappar  or  the  tun  ioiuot  li  rilicid  to 
th«  experimental  coordinate  (um  through  rota¬ 
tion  angles  y  and  9.  Tha  ordar  of  thaae  rota- 
tlem  la  y  about  tha  exparloental  x  axla  and  9 
about  tha  nan  y  axla  (fig,  3).  If  x(  la  a  vac- 

tor  In  tha  lUt  fragaa  and  Xj  la  tha  vascor  In  tha 
experimental  fraaa,  than 


vhara 


x,  ■  Ax,  (9) 


[a9 

•9  »Y 

*a9  oy 

!o 

cy 

'V 

•9 

•o9  tY 

o9  sy 

Tha  aooblnatlon  of  (5) i  (7).  and  (9)  la 


Xg  •  ACIXj  (U) 

let  Xj  ba  tha  vastor  I  of  dlraotlon 

ooalnaa  of  a  atar  In  Inartial  apaoa.  If  tha  atar 
hat  right  aaeanalon  a  and  daollnatlon  6,  than 


Xj  ■  I  - 


00a  6  00a  a 
aoi  i  tin  a 
tin  i 


US) 


Tha  tilt  plana  la  daflnad  at  tha  lilt  fraaa 
Jg  -  kg  plana.  Zf  tha  atar  la  In  thla  plant  at  a 

particular  lnatant  of  tlae,  than  xg  corresponding 
to  xt  la  tha  vaster 


r  0 


sot  n 
aln  T) 

W  J 


(13) 


vhara  Tl  la  tha  angle  between  tha  Una  of  tight 
to  tha  star  i  and  the  axla  (rig.  4). 


Tig,  3.  Aalatlonahlp  of  tha  gilt  Coordinate 
fraaa  to  tha  Ixperlaantal  Coordinate  Fraaa, 
fhovlng  tha  l:lt  flana  and  flit 


oaten  at*  tha  tat  (A,  0,  Mg',  *')  .  Thai 

thi  angle!  (0,  9,  »)  can  ba  exprtnod  at  function 
of  time  and  theta  twelve  parameter!. 

Ona  aaai  (rn  Iqa.  (6)  and  (8)  that  tha 
abaatvatlon  Iq.  (i5)  la  a  funotlon  of  tha  oliaetch 
anjlei  (i^,  t^,  tj)  and  tha  attltuda  anglea  (i, 

9,  8)  evaluated  at  apeclflc  Intent!  of  time. 

Slnea  tha  attltuda  anglea  depend  on  twelve  para- 
utara  and  tha  ebiarvatlon  tlmee,  It  la  poeelble 
to  axpraaa  Iq,  (13)  aa  a  function  of  tha  flftaan 
dlMniloual  vaatoT 

y  ■  »Wy  ,#ig  <V*o>V*'°'Mx'Ky*Me,,t''V 

«8i«3)  (16) 


Tip.  lelatiomhlp  of  tha  Lina  of  light  to 
a  Itar  to  tha  SUt  Plana  at  tha  lighting 
Inatant 


Iquationa  (11)  through  (13)  can  than  ba 
written 


0  esc  i  ooi  a 

aoa  n  ■  ACI  cot  i  tin  a  (14) 

aln  T|  tin  J 


which  la  tha  vautor  relatlonhlp  that  nuat  ba 
aatltflad  tha  Inatant  tha  atar  la  In  tha  tilt 
plana.  Tha  obaarvatlon  aquation  la  tha  flrat 
component  of  aquation  (14),  namely 


cot  J  cot  a 

0  ■  AjCI  cot  6  tin  a  (13) 

tin  6 


and  tha  tlma  Inttant  at  whloh  0,  9,  and  I  ara 
avaluatad.  (Tha  tilt  plana  anglet  8  and  y,  and 
tha  atar  angina  a  and  (  ara  omitted  In  tha  y 
vector,  tinea  they  ara  aaaumad  to  ba  known  quan> 
tleiat. ) 

New  oonilder  a  tlma  Interval  t.  (  t  t  I. 

Let  N  ba  tha  total  number  of  obtarvatlona  of  tha 
ttart  through  all  tha  tllti  during  tha  tlma  inter* 
val.  (Tha  tear  pulta  matching  problem  la  ataumad 
to  ba  lolved  at  thlt  point.)  Lat  t.  ,  k  ■  1,...,N, 
ba  tha  obaarvatlon  Inttanta,  at  teen  by  tha  etar- 
oappar,  at  whloh  Iq.  (13)  la  tuppoaad  to  hold. 

In  general,  tfc  It  not  tha  exact  Inttant  that  will 

aauta  Iq.  (l;)  to  ba  true.  Moreover,  tha  modal 
Iqt.  (1)  and  (s)  with  torquat  (4)  may  differ  from 
tha  exact  differential  aquatlona,  to  that  actual 
attltuda  may  differ  from  tha  computed  attltuda. 
Thlt  cjuld  oauat  Iq.  (13)  to  be  violated,  avan  If 
t^  were  tha  exact  tranalt  tlma,  In  view  of  thlt, 

lat  H(tk,y)  ba  tha  rlghfhand  tide  of  Iq.  (13) 
and  eontlder  tha  equation! 


H(tk,y)  -  1^,  k  •  (17) 


where  Aj  It  tha  tint  row  of  (10).  Thlt  aquation 

holdt  for  each  of  tha  three  asiumad  tllti  in  the 
itarmapper  (with  appropriate  valuet  far  B  and  y) 
and  for  each  vltlble  iter  In  the  field  of  view  of 
the  itarmapper  at  the  proper  inttanta  of  tlma. 

It  it  aleo  uied  for  the  iliti  of  tha  tun  nneor 
with  n  and  {  taken  at  coordinate!  of  the  tun. 

(Tha  tun  it  aaaumad  to  be  fixed  in  inertial  epaea 
in  thlt  faaiibillty  ttudy.) 


It  la  wall  known  (Kef.  4)  that  tyittmi  of 
differential  equation  like  lqt.  (1)  and  (3)  with 
torquat  (4)  hevi  tolutlont  that  ear  ba  exprettad 
aa  funotlon  of  the  model  paraaatart,  time,  and 
initial  condition  at  come  Initial  time,  The 
initial  ooBdltlont  ara  the  let  (ui  ,  w  ,  a  , 

*0  '0  *o 

t0,  9 ,  8  )  taken  at  time  t  ■  t  ,  and  tha  para* 


Tha  leaat  tquartt  problem  to  ba  tolvad  it  that  of 
minlmitlng  tha  turn 

N  s 

J(y)  -  r  CH(tk,y)38  (18) 

k-i  * 


with  retpact  to  tha  fifteen  dlmanional  vector  y 
of  tq.  (16), 

The  meatiery  condition  for  ( 18)  to  ba  u 
minimum  it 


«  ,  ,  Wkif) 

l  «(tk,y)  — - -  0, 

k»l  *  9yl 

l  -  l,...,n,  (19) 


where  n  !•  eikin  u  1}.  If  Newton-kaphion  itera¬ 
tion  (Rif.  3)  li  applied  co  Iq.  (19),  there 
multi 


n 

l 

J-l 


N  JH(tk,y)  8H(tk ,y)  ^(Vy) 

,vsj — 


Ay, 


N  8H(t  ,y) 

+  E  H(t.,y)  * 1  ■  0,  t-l,...,n  (80) 

k-1  *  ”i 


Thui,  If  tha  victor  y  ti  claim  inoujh  to  the  mlr.l- 
mliln|  value,  thin  the  Ay  oooputid  (ton  Iq,  (80) 
«nd  iddid  to  y  Iteratively  will  oauie  the  aven- 
tu«l  ictiifautlon  of  Iq.  (19). 


The  problaa  with  Iq.  (SO)  la  the  neond 
partial  darlvatlvi  of  K  that  ooouri  in  tha  matrix 
to  bi  Inverted,  Thli  la  difficult  and  time  con* 
•uoln|  to  compute.  Howavar,  lti  multiplier,  froc 
Iq-  (IT),  1*  Mail,  and  tha  Mewton-Impheon  aathod 
la  known  co  ba  ralatlvaly  tniamltlve  to  arrora 
In  tha  matrix.  Thai,  ona  would  impact  that  tha 
■acond  partial!  could  ba  naglaotad  In  Iq.  (SO) 
and  that  oonvar|anoa  would  itlll  mult,  Thli 
hai  alwayi  happanad  In  praotlca,  which  juitlflaa 
the  truneatad  form  of  tha  aquation i 


N 

Z 

k-1 


H(tk,y) 


W(tk,y) 

»1 


+ 


n  N 
l  Z 
j-l  k-1 


aH^y)  8H(tk,y) 


ay. 


ay, 


-  o 


1  -  1,. . .  ,n. 


(31) 


In  matrix  notation,  thli  li 


0  'H  +  0  'OAy  -  0 


(M) 


where 


m 

■ 

NUt^y) 

8K(t1(y) 

H(t: 

y) 

»1  '  ‘ 

‘  ^n 

H(tN 

y) 

,  0  - 

1 

1 

W( 

8H( t„,y) 

»i  '  ‘ 

*■ 

m 

(8!) 

To  determine  tha  partial  darlvatlvai  raqulrad  in 
(S3),  notice  ftnt  that  H(tk,y)  may  ba  dlffaran* 

tlatad  directly  with  riapact  to  the  alimatoh 
anflaa  a^,  »s,  and  ty  Tha  other  partlali  era 

evaluated  from  tha  axpraiilon 


Uw<y> 


(!U) 


where  »,  0,  9  and  their  partial!  arc  evaluated  at 
t  -  t.  ,  b  la  ona  of  (it  ,  it  ,  u  ,  »  ,  ft  ,  9  , 

*  0  /o  0 

A,  C,  X^',  Xy',  Hg;,  *')  and  8  la  tha  vector  In 

Sq,  (13).  The  partlali  of  9,  4,  and  6  cone  from 
lolutlon  of  Unaarlaad  variiom  of  Iqi.  (1)  and 
(s)  with  torquai  (4),  for  convenience.  let 
a  ■  (w*,  <y  %,  t,  t,  6)  «d  lat  a  ■  (A,  0,  K^, 

X',  X^,  K').  man  Iqi.  (1)  and  (8)  with  torquaa 
(4)  have  tha  form 


*  -  f(t,x,a),  x(c0)  ■  xQ  (83) 

and  tha  eorraipondlni  linear  differential  equa- 
cioni  are 


4_  AIL.  .  tt.  Ai¬ 
de  8x0  &x  sxfl  ' 


4JL.  ({  ) 
jxo  'V 


I 


e<*o>-o 


(*6) 

(87) 


where  tha  partlali  in  Iqi.  (86)  and  (8?)  are 
evaluated  alon|  tha  aolutlon  of  Iq.  (83).  Iqua- 
tlom  (86)  and  (87)  era  lolvad  ilmulcanaoualy 
with  Iq.  83),  and  valuai  at  t  ■  t  are  mad  to 
evaluate  (8k), 

In  autmaary,  tha  method  proceed!  ai  followai 

1.  An  Initial  aatlmata  for  y  ■  (x  ,a,e)  la 
provided. 

8.  Iquatiom  (83)  chrou|h  (87)  are  Intairatad, 

3.  At  each  iter  obiarvation  lnatane  t k, 

k  ■  l, , . . ,N,  the  sonitralnt  H  and  lta  par* 
claim  era  computed  Tlq,  (84)  and  thi  remarki 
above  thli  aquation*  and  lnaerted  Into  Iq. 

(83). 

4.  Ay  li  oooputid  from  Iq,  (88)  after  tha  laat 
obiarvation  hai  baan  proeenad. 

3.  Ay  la  added  to  v. 

$•  Itapi  8*3  eta  repealed  until  Ay  baeooai 
na|U|lbla. 

Tha  mathamatloal  flow  diairam  of  thli  procaii  li 
ihown  In  fl«.  3. 


I 
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Til.  J,  Mathematical  Tlow  Diagram  of  the 
Uilt.lquini  Attitude  Determination 
llmulatlon 


JBULBgm  auaau 

The  vehicle  ti  aaaumad  to  ba  In  a  olrouier, 
500  km  orbit  about  a  apharleal  rotating  aarth. 
rha  data  ii  takan  aa  tha  flrat  day  of  aprlng,  ao 
that  tha  aun  li  out  tha  Inartlal  «  alia.  Tha 
orbit  parametera  (aaa  Tl|.  6)  ara  takan  aa 
n  ■  45*  and  l  ■  97. !0*. 


figure  7  ehowa  tha  planar  ralatlonahlp  of 
tha  aun  and  tha  orbit.  Only  tha  bottom  half  of 
tha  orbit  la  uaad  during  almulatlon  runt,  tinea 
tha  problam  la  mathaevatlaally  ayenetrlc  with 
raapaot  to  a  point  hallway  through  tha  daylight 
portion,  Tfcarafora,  damonatratlon  of  faaalblllty 
raqulraa  only  a  half  an  orbit  of  data.  Alio, 
almulatlon  of  a  aomplata  orbit  would  hava  mult- 
ad  in  amoeealve  eomputar  uaaga,  alnoa  numerical 
lntagtetlon  la  uaad  In  tha  almulatlon. 

Coaputar  runt  atart  at  t  ■  0  In  tha  oantar 
of  tha  dark  alda  of  tha  orbit  (Tig.  7).  Thla 
earraaponda  to  a  trua  anomaly  if  v*  107.  J* 

(Tig.  6).  Tha  dividing  point  batwaan  daylight 
and  dark  (twilight)  la  apprexlnataly  ona-alath  of 
an  orbit  later,  at  about  t  ■  940  aaaonda.  I tar 
data  la  aollaatad  ovar  tha  lntarval  0  <  t  <  Wo 
aaaonda.  Thua,  a  data  gap  of  about  ona  alnuta  la 
tntroduoad  In  tha  atar  data  to  allow  for  aarth 
atmoapharle  rafraatlon  of  aun  raya  and  aarth  glow 


effect*  on  tha  atarmappar  optloa.  Computar 
raaulta  Indicate  that  tha  aolutlon  from  tha  dark 
alda  oan  ba  axtrapulatad  ovar  thla  tlma  parted 
within  10  are  aaeonda  of  error. 


Lina  of 
light  to 
attaints 


Tig.  6,  Ralatlonahlp  of  latalllta 
Lina  of  light  to  Inartlal  Ipaoa 


Fig.  7'  Relationship  of  Orbit  and  lun  Ihowlng  Thou  Fortiori*  of 
th*  Orbit  Ov*r  Whloh  I  tar  and  lun  Dot*  Art  U**d 


An  additional  tin*  gap  of  on*  ainut*  !• 
illmd  from  th*  tvlllght  point  to  th*  flrit  tun 
(ightlng  data  point.  Thi*  la  aufflolant  time  for 
th*  vahlol*  to  rlaa  above  th*  **rch'«  atmoapher*, 
10  that  refraotion  affaota  can  b*  naglicud.  lun 
data  le  oolloatid  for  th*  rraalnder  of  tha  half 
orbit. 

Initial  oondltlon*  and  paramour  value*  nt 
tha  cantor  of  th*  dark  ara  takan  an 


id  ■  .209k  d*g/uao  I.  ■  Jk. 68  alug  -  ft* 

*0 

dy  ■  18  d*g/»*c  tj  ■  65.68  alug  -  ft2 

m  ■  0  I,  ■  5*1.68  alug  «  ft2 

*o  3 

»0  ■  **5  dag  ■  0  dag 

®o  ■  190  d«g  «j  ■  0  dag 

SQ  -  180  d*g  ■  0  dag 

Valuai  for  X^,  Kyi  and  K  ara  dlaeuaa*d  b*low, 

From  th*  Initial  condition*  and  pat*a*t*ri, 
It  oan  b*  ihown  that  tha  vehicle  la  aymMtric 

(1^  ■  Ij),  that  It  aplna  at  roughly  3  rpm  about 

tha  prlnelpl*  y  aula,  and  that  th*  aona  an«l*  1* 
about  0.7  dagraaa.  Fro*  th*  orbit  parautarti 
th*  apln  v*otor  la  aiiaUgnad  with  raipaot  to  th* 
orbit  normal  by  about  8.6  d*gr**a. 

Th*  torqu*  Iq*.  (4)  aay  not  r*pr*a*nt  tha 
tract  torouat  acting  on  th*  v«hlel*.  laaiena  for 
thla  ara  (1)  that  th*  for**  of  th*  torque*  aay 
only  approximate  th*  *uet  fora*  for  magnatlo 
moment  and  tddy  currant  torque*,  (a)  tha  earth'* 


aagnatlc  field  1*  known  to  about  ±  1  pareant  of 
th*  oompuud  value,  and  (3)  additional  torqu** 
have  bean  naglaetad.  To  alauilat*  that*  affect* 
the  aagnctlc  field  component*  (in  local  vartica 
coordinate*)  ar*  perturbed  in  th*  data  ganaratii 
program  (Ref.  1)  by  th*  amount* 


\  “  (*1  ,t0  "Is5  \ 

68  -  (•„  *m  uigt)  B  (88) 
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Th*  rat**  nig  and  corraapond  to  period*  of 

l/8;  1/3  and  1/5  of  *n  orbit  to  almulac*  long 
period  affect* ,  and  value*  for  a^,  *8  and  a^  ar* 

diacuMtd  below. 

It  1*  *l*o  known  that  tha  aagnatlc  moment 
coefficient*  Kg,  Ky.and  M(  hav*  different  value* 

during  th*  lunllght  portion  of  th*  orbit  than 
th*y  do  over  th*  dark  part.  To  tlmulat*  thl* 
•ffaot  In  th*  data  generating  prograa,  th*  value* 
of  th*  coefficient*  at*  p*rtur'o*d  at  th*  twilight 
point  by  th*  amount* 

6Ky  ■  -.05  liy 
6K,  -  .05  Kh 
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Ihi  diet  generating  program  generate!  itu 
oroaalng  instant  a  lot  tha  etarmapper  over  cha  dark 
pardon  ol  tha  orbit  to  tha  twilight  point.  Start 
down  to  3*4  magnitude  ara  uaad.  Tha  aun-aanaor 
allta  ara  than  uaad  to  generate  aun  data  for  tha 
remainder  of  tha  orbit. 

An  adltlnp  routiaa  la  lncludad  In  tha  laaat- 
aquaraa  attltuda  datamation  program.  It 
raduoaa  tha  number  of  atar  lighting)  to  a  |lvan 
number  par  revolution,  and  eorrupta  tha  lighting 
tinea  with  noiaa.  Tha  ratalnad  atari  ara  ehoaan 
on  tha  baala  of  brlghtnaaa,  and  tha  nuabar  of 
atari  par  ravolutlon  la  a  apaolflad  quantity. 

Tha  noiaa  la  aaauaad  to  ba  oauaatan,  with  aaro 
naan  and  a  atandard  davlatlon  of  .133  x  10 “3 
aaeonda.  Tha  editing  routine  traata  tha  aun  Juat 
Uka  It  la  anothar  atar. 

Durln*  runa  of  tha  laaet-equaree  attltuda 
determination  program,  It  baoaaa  avidant  that  tha 
of fiat  angle  ij  In  Iq.  (16)  waa  difficult  to 

dataralna.  Tha  raaaon  for  thla  la  that  tha  laat 
ooluan  of  matrix  0  In  Iq.  (83) ,  rapreeenting  par¬ 
tial!  with  raapaot  to  a^,  la  approximately  tha 

mi  aa  tha  ooluan  containing  partial!  with  re- 
apaet  to  6g.  Thla  la  aapaolally  trua  whan  ■ 

t£  ■  0.  In  thla  oaaa  8  and  a^  ara  addltlva  rota¬ 
tion)  about  tha  aaaa  axia.  Tha  vahlcla  la  alao 
naarly  aymmatrlo,  which  aggravataa  tha  altuatlon. 
Tha  raault  of  thaaa  faotora  la  to  make  tha  tutrix 
O'O  naarly  alngular,  ao  that  poor  eatlmataa  of  I 
and  ara  obtalnad.  Tha  angla  waa  conaaquant- 

ly  aat  to  aaro  during  tha  runa  daaerlbad  balow. 

(A  aathod  for  determining  ij  la  praaantad  In  Inf. 

1.) 

kuna  of  tha  laaat-aquaraa  data  prooaaalng 
program  ara  apllt  into  two  parta,  ona  for  tha 
dark  part  and  ona  for  tha  unlit  part  of  tha 
orbit.  Thua,  atar  data  (auitaoly  adltad)  la  uaad 
to  datarmlna  tha  attltuda  from  tha  cantor  of  tha 
dark  to  approxlnataly  ona  nlnuta  bafora  tha  twi¬ 
light  point,  kaaulta  obtalnad  from  thaaa  comput- 
ar  runa  ara  dlaouaaad  tint.  Tha  oonvargad  termi¬ 
nal  condition!  for  thaaa  runa  baoooa  tha  Initial 
condition!  for  tha  aunllt  portion  of  tha  orbit. 

It  turna  out  that  a  complete  aolution  to  tha  atti¬ 
tude  datarnlnatlon  problem  cannot  ba  obtalnad 
from  aun  alghtlnga  tlona,  ao  problasa  with  raducad 
dlmanalon  ara  eonaldarad  tor  thla  part  of  tha 
orbit.  Ixparlmantn  to  datarmlna  tha  dimension¬ 
ality  of  tha  problumx,  and  tha  uttltuda  raaulta 
obtalnad  ara  dlaeuniad  oalow. 

utt  mmsm  man 


Tabla  1.  Itarsappar  Parameter! 


During  editing  of  tha  atar  lighting 
lnetante,  only  ona  noiaa  aat  waa  uaad.  Tha 
length  of  tha  aat  waa  datarmlnad  from  tha  alx 
atar  par  revolution  oaaa.  Whan  fawar  atari  par 
revolution  ware  almulated  (four  atara  and  two 
atari)  noiaa  valuaa  at  tha  bottom  of  tha  aat 
ware  delated. 

Several  of  tha  oomputar  runa  ara  dlacuaaad 
balow.  All  runa  have  14  variable!  and  convargad 
to  aolutlona. 

Tha  flrat  three  runa  atudy  tha  numbar  of 
atari  par  ravolutlon.  Tha  actual  parameter  val¬ 
uaa  uaad  In  tha  data  generating  program  ara  die- 
played  In  tha  flrat  ooluan  of  Tabla  8.  Addition¬ 
ally,  tha  magnatlo  field  perturbation  oonatanta 


ware  uaad  during  generation  of  tha  atar  lighting 
inatanta. 

Six,  four,  and  two  atari  par  revolution 
ware  uaad  In  Caaaa  I,  II, and  III  raapactlvaly, 

Tha  raaultlng  extremum  principal  axaa  arrora  are 
displayed  In  Tabla  3,  and  tha  convargad  para¬ 
meter  valuaa  ara  ahown  In  Table  2.  Ona  aaaa 
that  alx  atari  par  ravolutlon  give  tha  bait 
raaulta,  and  that  two  atari  par  ravolutlon  give 
tha  wont.  Alau,  tha  magnetic  moment  coeffi¬ 
cient!  differ  lha  moat  from  thalr  actual  valuaa. 

Tha  angla  difference!  In  Tabla  3  oompara 
arrora  in  principal  axaa.  Tha  daairad  oomparlaon 
la  arrora  In  lnatrumant  axaa.  Inatrumant  and 
principal  axaa  ara  tha  aama  In  tha  data  ganera- 
tlng  program,  but  the  offaat  angles  in  Tabla  3 
cauaa  them  to  ba  different  In  tha  laaat  aquaraa 
program.  Correction  faotora  for  and  c2  to  ba 

added  to  A»,  Ad, and  AS,  ara  derived  in  Xat.  1. 
They  ara 


8*  ''0010  £*1  0M  9  ’  *2  ,ln  9)  (2?) 


Stvaral  computer  runa  wara  made  to  taat  tha 
adequacy  ol  tha  laaat  aquaraa  approach  to  tha 
attitude  determination  problem.  Tha  affacta  of 
modal  perturbation* ,  raaldual  magnetic  moment  and 
addy  currant  torque,  levela,  and  nusbar  of  atara 
lighted  pat  revolution  ware  examined,  lha  atar- 
mapper  paraaatara  for  thaaa  runa  era  given  In 
Tabla  1. 


8d  ■  a^  ain  8  +  *g  ooa  8  ( 30) 

se  ■  -if  a  In  0  (31) 

Thaaa  oerraetlona  do  not  affaet  Caaaa  I  and  II 
vary  muoh  ainea  «;  and  «3  ara  quite  mall.  How¬ 
ever,  tha  affacta  ara  quite  epactaeular  for  Can 
III,  aa  ahown  In  Tabla  4  (compare  with  Table  s). 
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Tabla  2,  Convar|»d  Parameter  Valuea  for  Cam  I,  II,  and  III 


PARAMETES 

ACTUAL 

CASK  I 

CASS  11 

CASE  III 

A 

.83328 

.83325 

,83420 

.83356 

C 

.83328 

.83333 

.83035 

.83301 

M^  ft-lb/gauaa 

5.16xl0'6 

-3. 58x10  "5 

-6.42x10*® 

L.fttxKf- 

*V 

>o 

a 

O 

w-A 

X 

>o 

3.87X10'6 

5. 84x10 "6 

*9. 58x10 *6 

M, 

5. 16x10 '6 

5-17x10*® 

1.61x10*" 

s.36xlo*3 

K  ft-lb-aac/gauaa* 

1.42x10*® 

1.42x10*® 

1.44x10*® 

1.54x10*® 

«1  dagraaa 

0 

-  .0021 

•  .0059 

.036 

*2 

0 

-  .0014 

•  .0012  . 

-  .0193 

3.  Sxtreoa  Irrori  In  Sular  An* la a  JUlatlng  Principal  Axm  to 
Inartlal  (past  at  Star  lighting  Inatanta 


■  — - a 

Ay,  arc  aao 

A$,  are  aae 

AS,  arc  aao 

Max 

Kin 

Max 

Kin 

— 

•  3.0U  -13-25 

9.41  -16.83 

86.0  40.0 

1.85  -14.4 

0.24  -20.33 


4.21  -  5-90 

20.23  -  8.1 

129.0  100.0 

5.99  -  9.96 

6.94  -  13.56 


0.31  -3.75 

1.14  -6.4? 

18.15  8,76 

3.44  -5.84 

5.73  -6.08 


Tabla  4.  Extreme  Xrrora  In  Anglaa  Relating  Expat  loam.,  1  Axm  to 
Inartlal  Spaca  Band  on  a  Spot  Chaek  of  Raaulti 


Ai,  arc  aac  6$,  are  aac  de,  arc  aao 


Max  Min  Max  Min  Max  Kin 


2  -12.3  8-28  3.6  -5.15 


Typical.  «rton  in  tha  pitch  angle  (»ua  of 
(31)  and  AS)  ara  plotted  in  Tig.  6  (or  Caaa  I. 

The  upper  and  lower  envelope!  (daehad  llnaa) 
rapraaent  the  valuae  of  maximum  and  minimum 
arrore  at  atar  sighting  lnatante.  The  cu'.vaa 
Joining  the  envelope!  (solid  llnaa)  ara  the 
arrore  over  atar  lighting  lntarvala.  Tima 
between  thee*  curvaa  repraaenta  the  raet  of  the 
rotation  period  of  tha  vehicle,  over  which  no 
data  la  available  from  thla  program.  A  almllar 
pitch  angle  error  curve  for  Caae  II,  although 
with  a  aooawhat  larger  apraad  between  the  daahad 
ourvae,  le  ehown  In  laf,  1.  The  correepondlng 
pitch  angle  error  for  Caae  III  la  ehown  in  71g. 

9,  Alao  ehown  la  a  poaalble  woret  caae  error 
between  atar  lighting  lnetanta.  Thla  wee  derived 
by  attuning  long  term  varlatloni  of  the  pitch 
angle  error  to  be  within  the  error  envelope,  and 
then  auparlopoalng  the  aolutlon  from  Iq.  (31) > 

In  the  actual  eltuatlon,  there  ara  probably  com- 
paneatlng  ef facte  that  laeaan  tha  ovatall  error 
aonewhat.  However,  thaea  raaulti  Indicate  that 
two  atare  per  revolution  do  not  yield  aufflclant 
aoouracy  for  tha  HEM?  eatelllta. 


Caiae  IV  and  V  examine  tha  effect*  of  modal 
perturbation*,  reeldutl  magnetic  moment  and  eddy 
currant  torque  leveli.  The  difference  between 
the  two  caeee  It  that  In  Cete  IV  the  magnetic 
field  perturbation*  ere 

*1  '  *8  ■  *3  "  -05 

whereat  in  Cite  V  they  ere  the  negative*  of  theta. 

Six  ettrt  per  revolution  era  utad  in  both  citee. 

The  actual  perimeter  value*  used  In  genera¬ 
ting  tha  atar  sighting*  era  ehown  In  Table  5. 

The  magnetic  mooint  coefficients  era  a  factor  of  , 

10  larger  than  those  uied  in  the  prevloue  cteat,  f 

to  correspond  with  those  estimated  for  the  early 
Tiro*  tpiceoreft.  The  eddy  current  coefficient 
it  twice  that  used  provloutly,  and  thlt  le  the 
estimated  value  baaed  on  etveral  lattllltae.  The  ( 
magnetic  field  perturbation  le  *  5  percent 
Instead  of  the  8  percent  of  tha  previous  oteae.  J 

f 


TIME,  SEC 


Tig.  9.  experimental  Axae  Pitch  Angle  trror  for  Caaa  I  ; 


Table  J,  Converged  Farameter  Value*  for 
Cat a i  IV  and  V 


PARAMETER 

ACTUAL 

CASE  IV 

CASE  V 

A 

.83328 

.83296 

.83291 

C 

.83328 

•83363 

.83368 

ft-lb/gauai 

3.16x1c*5 

-1. 56x10  *5 

-3. 06x10  *5 

•v 

3. 16X10  *5 

b.93xlO*5 

U.',l*xl0‘5 

3. 16x10 ’5 

l.-Wxlo’1* 

l.OTxlO*4 

K  ft-lb-aae/gau»»2 

2.36X10*5 

2. 96x10  *5 

2.73X10'5 

degraai 

0 

-  .0031 

•  .0031 

<2 

0 

-  .0013 

-  .0016 

Table  3  ahoua  that  the  extremum  angular 
error*  sompar*  favorably  with  those  of  Cana*  1 
and  II.  Table  3  thou*  huw  sensitive  K^,  K^, 

and  K  are  to  the  magnetic  field  perturbation*. 

From  the  raaulta  of  Caaea  IV  end  V,  It  la 
concluded  that  a  vide  range  of  parameter  varia¬ 
tion*  oan  be  tolerated  In  the  vehicle  end  modal 
with  little  effect  on  the  accuracy  of  the  atti¬ 
tude  eatlmate  (at  laeat  at  (tar  lighting  Instant^ 

The  conclusion*  drawn  from  the  *tar  light¬ 
ing  result*  are: 

•  Feasibility  of  attitude  determination 
by  the  method  of  least  square*  Is 
established. 

•  Four  stars  par  revolution  give  adequate 
results,  whereas  two  star*  per  revolu¬ 
tion  do  not  seat,  to  be  enough. 

•  Largo  parameter  variations  can  be 
tolerated. 

•  Numerical  Integration  uf  the  differen¬ 
tial  aquation*  la  too  slow. 

3UH  Siam  me  results 

General  Approach 

The  first  problem  to  be  solved  la  chat  of 
determining  which  of  the  13  parameters  In  (16) 
can  be  found  from  observations  of  the  sun.  The 
approach  to  this  problem  is  to  apply  the  Implicit 
function  theorem  to  ths  normal  Eqs.  (19),  where 
more  than  one  variable  has  been  eliminated.  (The 
elimination  merely  reduce*  both  the  number  of 
equetlona  and  unknown*  to,  lay,  m,  whar*  man. 
Thar.  Bqa.  ( 19)  *  (23)  ‘bid  with  n  replaced  by  m. ) 


According  to  the  Implicit  function  theorem,  the 
matrix  of  partial  derivative*  to  ba  examined  for 
singularity  has  element*  given  by  th*  breokecad 
terms  In  (20).  If  the  modal  and  the  transit 
times  are  perfect,  than  each  H(t^,y),  k  ■  l,...,t 

la  etro.  Th*  matrix  than  raduoas  to  th.  i.-cduct 
o'c,  whar*  (J  la  defined  In  Eq.  (23),  vf?n 
selected  column*  of  0  have  bean  omitted  •..uea 
thay  correspond  to  tha  delated  variable*.  If  tha 
matrix  la  nonalngular,  than  th*  normal  oquatlona 
can  be  solved  for  tha  dependant  variable*  in  terms 
of  th*  tat  of  Independent,  or  omitted,  variables. 

The  matrix  can  b*  examined  for  singularity 
In  only  tha  elmplaat  of  analytic  problems.  For 
tha  torquad  caaa  of  Interest,  tha  matrix  mutt  bs 
examined  numerically.  Consequently ,  a  computer 
program  was  constructed  for  this  purpose. 

The  program  etarta  with  th*  cooplita  1?  x  1; 
matrix.  Th*  vector  C  'H  of  Sq.  (22)  la  also  In 
memory.  An  Input  card  specifies  the  rows  and 
column*  to  b*  deleted.  After  th*  matrix  and 
vector  hava  been  condensed,  th*  program  performs 
th*  four  taat*  described  below. 

1. .  Tha  solution  to  Iq.  (2C)  Is  computed. 

Th*  pivot  alamanti  ara  output  during 
the  Geuse-Jorden  reduction  ae  an  aid  in 
estimating  \hich  row*  (or  columns)  are 
dependant. 

2.  Tha  solution  la  multiplied  by  tha  con¬ 
densed  matrix  and  compared  with  th* 
condanaad  0 'H  vector.  This  indicates 
the  quality  of  th*  solution. 

3>  The  minimum  rank  of  th*  condanaad 

matrix  le  determined.  For  each  numeri¬ 
cal  operation  performed  In  the  Gauee- 
Jordan  reduction,  a  parallel  calculation 


Ah 


of  the  oaxlaua  irror  in  that  coarcta¬ 
tion  ii  nodi  and  » tor id,  tlhan  tha 
•rror*  In  th*  alioanta  of  tb*  working 
Matrix  bicnni  graatar  than  or  equal  to 
tha  alaaanta  yat  to  bi  procauad,  tha 
reduction  ii  halted,  and  tha  rank  la 
aaid  to  b#  equal  to  tha  aunbar  of  row* 
(and  ooluana)  procauad.  Tha  original 
aatrix  ia  aaaoaaad  to  ba  parfaet.  A 
nuafrar  equivalent  to  L/9  ef  tha  iaaat 
ilgnlflcaat  bit  in  tha  aongutat  ia 
required  for  tha  aatlmata  of  roundoff 
arror. 

4.  Tha  algsnvaluaa  of  tha  ayaatttrle  matrix 
ara  ooa^utad.  Tha  aathod  it  a  highly 
asourata  ona  davalopad  by  Householder. 
Tha  eigenvalue*  ara  axaainad  to  aaa  if 

thara  ara  any  eloaa  to  ccro,  and  to  aaa 
if  thay  ara  all  poaltlva. 

Tha  abova  prograa  wn  uaad  at  varioua 
atagaa  of  tha  davclopnant  to  datarnina  aata  of 
paraaakarc  for  tha  aolution.  Tha  appraaah  waa 
to  ganarata  tha  Iaaat  aquare*  equation*  for  a 
glvan  alit  gaoaatry,  and  than  to  axaxlna  tha 
•yataa  for  aavaral  likaly  uaaai.  Tha  paraaatar 
aata  vara  salactad  iron  tha  raiulti. 

Concluaiam  iron  than  itudlaa  arai 

•  Tha  offaat  angla  i ,  ihould  ba  dalatad  aa 

in  tha  atar  lighting  raiulti,  laaving  a 
14  x  14  aatrix  to  ba  axaninad. 

*  A  aingla,  tvo-ilit  aun  aanaor  produon 
a  Iaaat  aquaria  aatrix  with  a  aaxlaua 
rank  of  IS.  Thua,  12  variabla  aolution* 
ara  poaaibla. 

*  Two,  two-allt  aun  aanaori  (4  iliti  total) 
produea  a  Iaaat  aquarsi  aatrix  with  rank 
13.  Thui,  13  variabla  aolutiona  ara 
poaaibla. 

•  Ona  of  tha  initial  anglaa  (t0,  t0  or  ig) 

can  alwaya  ba  dalatad  without  raduclng 
tha  rank  of  tha  aatrix. 

Tha  lilt  paraaatara  wara  ttkau  aa  thoaa  of  alita 
1  and  3  (Tibi*  1)  0*  tha  ataroappar  during  runa 
of  tha  data  ganarating  program  and  tha  iaait- 
aquaraa  attltuda  datarminatlon  prograa. 

Thlt  alit  configuration  la  llluatratad  in 
Ml  10,  whir*  tha  vehicle  la  picturad  aa  a 
aphavlcal  body.  (In  Fig.  10,  the  Jg  axis  ia  tha 

outward  noraal.)  Tha  alit*  Join  togathar  on  tha 
kg  axil.  Ai  th*  vehicle  aplna  about  tha  Jg  axil, 

the  aun-lina  traca*  tha  dottad  Una  on  tha 
apharical  akin  of  tha  vahicla.  for  tha  aingla 
aun  aanaor,  tha  (laid  of  view  la  blocked  off  to 
tha  lift  of  tha  lg  -  Jg  plan*.  In  tha  four-illt 

daalga,  tha  fiald  of  yiaw  1*  vldanad  out  to  l&O* 
ao  that  thajua -would  eroia  each  alit  twic*  par 
..TfxoUtieVa 


Tig.  10.  Hit  Configuration  for 
tha  Sun  ganaor  gtudiaa 


It  la  rasognlaad  that  othar  aun  car.cor 
daalgna  say  b*  aor*  practical.  Tha  objactlva 
of  tha  itudlaa  waa  to  draw  oonolualona  about  a 
gaoaatry  that  would  oarry  ovar  to  othar  alit 
configuration*,  without  naoaaaltatlng  a  oajor 
raprogrioalng  effort  on  tha  data  ganarating  pro¬ 
graa. 


gavaral  runa  wara  nada  aaauaing  th*  itar 

Caaa  IZ  taralnal  valuaa  to  ba  th*  atartlng  ini¬ 
tial  condition*,  four  alit*  wara  uaad,  which 
allowed  aolutiona  in  term  of  13  variabla*.  Th* 
raiulti  ara  auaaarliad  in  Tabla  6  in  teraa  of 
angular  arror 1  in  principal  ooordinataa.  All 
runa  axeapt  th*  lact  ona  ara  for  l/s  tha  aunllc 
part  of  tha  half  orbit.  Tha  dalatad  variabla* 
(•pacified  in  tha  tahla)  ara  held  fixad  at  thair 
•atiaatad  valuaa  froa  the  atar  lighting  raiulti. 

gun  I  aaauaaa  a  parfaet  nodal  and  no  noli*. 
It  waa  included  to  ahov  that  a  thlrtaan  variabla 
aolution  it  obteinad.  gun  II  ic  th*  aaa*  run, 
•xcapt  that  th*  nodal  ia  no  longer  parfaet 
(a^  •  *j  ■  ij  ■  .02  in  Kq.  (20)  aa  in  th*  ctar 

sighting  raiulti).  Tha  angular  arror*  have 
biaiaa,  although  tha  epraade  ara  vary  aaall.  No 
explanation  for  tha  biaa  waa  found,  gun  III 
adds  tio'.a*  to  th*  aun  tratult  tloac.  It  1*  scan 
that  th*  angular  biaa  bacooaa  laia  end  that  tha 
spraad  in  axtraaac  bacooaa  larger. 

In  gun  IV,  anglac  t  and  ±  ara  held  fixed. 

0  0 

A  aooowhat  batter  biaa  la  obtained,  but  a  bigger 
■praad  la  found,  tvldsntly  it  ia  but  to  allow 

aa  ouch  fraadoa  si  poaaibla  to  tha  Iaaat  aquaria 

proeaaa, 

Angla  f  waa  hald  fixad  in  tha  abova  runa 

0  t 

baeauaa  an  arror  Tn  this  quantity  dost  not  affaet 
thu  aolution  for  g  cigaif leantly  (l.a.,  ii  c 
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Table  6.  »xtr«a4  irrore  In  Angle*  Kalttlug 
Experimental  Axes  to  Inertial  Epic*  for  12  ant  l 3  Variable  Solution! 


Kun 

VarUblat  held 
fixed 

dr,  arc  aac 

dp,  arc  aac 

08,  arc  aac 

Max 

Nln 

Max 

Kin 

Hex 

Kin 

I 

♦.  ' ' 4;: 

O.W 

•  0. 1*1 

0.1*1  . 

■  0.1*1 

0.08 

•  0.08 

II 

♦0 

10.21 

8.83 

53.66 

31.17 

33.88 

33.36 

til 

♦« 

21.39 

•  8.05 

49.17 

29.76 

18.01 

31.30 

IV 

♦0*  *0 

21.92 

■13.11 

86.07 

1.91 

27*  3T 

6.82 

V 

•0 

13.06 

■  13.03 

11.17 

■  9-19 

9.33 

■  7.26 

VI 

•0 

5.38 

■  7,1*3 

*  l.*9 

— 

■  9-81 

0.10 

-U.58 

•acond-order  arret  tourca).  In  (aet,  In  eha  no 
torque  cast,  tha  affect  la  to  aauia  a  blaa  In  1 
alone,  without  changing  tha  raat  of  tha  aolutlon. 
However,  tha  observation  aquation  H  la  tanaltlva 
to  r,  ao  that  poor  ratulta  ara  obtalnad,  avan 
though  tha  analytic  aolutlon  to  tha  no-torqua 
caae  doaa  not  show  this  affaot. 

However,  tha  valua  of  80  la  aecutataly 

determined  from  atar  obaarvatlona.  Holding  this 
conitant  ahould  taault  In  taora  aoourata  raaulta. 
Kuna  V  and  VI  demonstrate  that  thla  la  *0.  Kun  V 
axtanda  half  way  through  tha  daylight  part  of  tha 
trajectory,  wharaaa  tun  VZ  axtanda  all  tha  way. 

It  la  aaan  froa  Tabla  6  that  tha  arxara  and  tha 
apraada  In  f  and  0  ara  smaller  for  tha  longar  run. 
Although  tha  apraad  In  tha  6  arror  la  lata,  tha 
blaa  la  largar  In  thla  cat*.  A  furthar  comparl- 
aon  of  tha  two  runa  la  mad*  In  Tabla  7.  Without 
axcaptlen,  tha  paranatar  valuta  ara  battar  for  tha 
longar  run.  Tha  raaaon  for  tha  battar  accuracy 
nay  wall  bo  that  twlca  ta  ouch  data  la  procaaaad 
to  find  tha  solution,  rasultlng  In  battar  amooth- 
Ing  charaotarlatlca. 

flgura  11  shows  tha  pitch  angle  arror  for 
tha  experimental  frame  ovat  a  at  lac  tad  tint 
parlod  for  Sun  VZ.  Data  points  ara  glvan  and  tha 
dashad  Una  represents  tha  Uniting  valuta 


obtalnad.  The  data  appears  to  be  fairly  wall 
bounded  by  thaaa  curves ,  at  examination  of  tha 
slopes  of  tha  connacting  Una  segments  yields 
flat  alopaa  (maxima  and  minima)  for  at  least  one 
tat  of  data. 

Thaaa  ratulta  Indicate  how  tha  sun  data 
ahould  be  merged  with  tht  star  data  to  aatlnate 
tha  vahlole  attitude  over  tha  entire  orbit  1  (1) 

Star  data  ahould  ba  uaad  over  tha  dark  part  of 
the  orbitj  (2)  tht  terminal  estimated  value  of 
tht  angla  8  (at  tha  twilight  point)  from  (1) 
ahould  ba  uaad  aa  tha  fixed  Initial  valua  for  tha 
sunlit  portion  of  tha  orlitj  (3)  tha  thirteen 
dimensional  attitude  determination  algorithm 
ahould  ha  uaad  with  tha  aun  data  to  aatlmata  tha 
attitude  over  tha  sunlit  part  of  tha  orbit. 

Thla  algorithm  appears  to  ba  aultabla  for 
estimating  tha  attltuda  of  tha  KOHP  attaints. 

aiwttY 

The  problem  of  estimating  vehicle  attltuda 
from  itsrmappui  and  aun  aanaor  instrument  time 
pulse  measurement*  waa  considered.  Star  time 
pultet  wtrt  uttd  ovtr  tht  dirk  part  of  the  orbit 
and  aun  aanaor  pulota  alena  wart  considered  for 
the  eunllt  portion. 


Table  7.  Additional  Jesuits  for  Kuna  V  and  VI 


Kun 

— 

«1 

*2 

A 

C 

*x 

"y 

*. 

t 

■ 

.0012* 

.0033' 

.83313 

.83311 

1.01x10*“* 

l.l8xio“6 

6.26x10*** 

1.46x10*^ 

n 

.0001 

.0006 

.83323 

•83331 

1.31x10  *5 

1.83xio'5 

2.30x10*** 

1. 11x10*^ 

MCO  ‘  '  1.1?0  •  1340  1360  13E0  1400  1420  1440 

•TIME,  SEC 


n».  11.  Xxpartaautal  Irani  flcc.i  Angls  ftp# or  lor  Sun 
Jana  or  Hun  VI 


An  »  ooattrlorl  data  proctaalng  algorithm 
«*■  poituUud  tor  the  loluClOD  of  Chit  problem, 

•  Inc*  ranl-tlm*  kr.ovladge  of  pracln  vahlole  tttl» 
cud*  It  not  required.  It  vtt  tlte  noted  thtt  tht 
Interpretation  of  tht  lnttcuunt  naaiur  amenta  In 
Ctrnt  of  tttUudt  raqulrti  •  nodal  foe  tht  vahicla 
Melon. 

Tht  approach  chottn  for  tolutlon  of  th« 
•ttieudt  a* tern  Last  ton  problaa  vie  tht  method  of 
ltttt  iqutrtt.  Tht  auluelon  of  tht  nodal  aqua- 
:lont  of  notion  ran  It  exprtietd  In  tars*  of  tUat, 
fht  Inltltl  condition*)  «.nd  tht  nodal  ptrtntttrw. 
Tht  lttet-aquara*  prubltn  vn  pond  tt  that  of 
datarnlnlr.g  thoet  Initial  condielont  tnd  pare* 
nattri  that-  'it it  axyialn  th«  obttrvtd  ntqutnea 
of  tttrMPptr  and  cun  tana  or  ttM  pulati. 

Tht  attitude  in  readily  titleattd  on  tht 
dark  tide  cf  tha  vfblt.  lour  atari  par  ravolu- 
tlon  uar*  sufficient  for  this  eurpoie,  tnd  large 
paranatur  variation.  could  bt  tolirtttc' 

Tht  altuatlc#1  was  quit*  dlfftrant  on  tht 
tunlle  aide  of  tht  orbit.  _  It  vtt  not  elttr  hov 
nueh  InfotMtlon  oould  bt  giaanad  frua  tun  obiar* 
vttloni  alone.  Computer  ainulatlout  thovtd  that 
everything  could  ba  dttarirlnod  vlth  e  proparly 
dtalgneh  tun  titt-or  axe  apt  for  on*  of.  tht  Initial 
attitude  anglai  (tnd  «,) .  Tnlt  lad  to  t  thlrtttn 

dtnanoimal  attitude  dttaralnaeloa  algorithm  fow 
tha  tunllt  portion  of  th*  orbit. 

finally,  t  method  for  tying  tha  tvo  attitude 
aitlMtai  together  vat  daval'tpad  and  datorlbad. 
Thli  tlgorltha  tnpanri  to  ba  tultabla  for  attlua* 
ting  tht  attitude  of  tha  HOC*  tatalllta. 
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FILTERING  QUANTIZED  OBSERVATIONS' 


J.  P,  O'Malley 
System*  Dtil  Bn  Departmant 
TRW  Syitams  Broup 
Radondo  Beach,  California 


mm 

Attltuda  itnior  maaiuramanti  my  b«  forcad  to  aasuma  avanly 
tpacad,  quantlzad  valuai,  Thla  cffact  my  ba  caused  by  dlpltel 
•neodar  truncation  on-bcird  tha  ipacacraft  or  by  pecullamlai  In 
unior  design.  Bafora  quantitation,  tha  obaarvatlona  my  ba  arror 
fraa  or  contaminated  by  normally  dlitrlbutad,  addltlva  nolia.  Tha 
mathod  of  maximum  11  kail  hood  can  ba  uiad  to  darlva  algorithm!  for 
proeaailng  tuch  data.  Tha  approach  and  anumptlont  ratambla  thoaa 
uiad  In  ipacacraft  navigation.  Whan  nolia  It  abiant,  tha  aitlmta 
minimi  in  tha  quadratic  form  In  tha  a  prior4  normal  dimity,  sub- 
Jact  to  Ilnur  conatralnti  Inpoied  by  tha  data.  This  1i  a  llnaar 
programing  problam,  Whan  nolly  data  ara  quantlxid,  tha  maximum 
1 1  kal  1  hood  condition  It  tramcandantal .  Batch  procaulng  and 
nquantlal  algorlthmi  may  ba  derived  by  linearization)  at  tha 
quantization  vanlihai,  both  formulation!  approach  their  more  common 
equivalent!.  Whan  tha  generality  of  the  modal  1i  restricted,  tha 
ouantl zed-normal  aitlmata  1i  xJ-m1n1mum,  Tha  dailgn  of  software 
Incorporating  thaia  quantlrad  data  algorithms  1i  discuiiad,  ind 
some  ilmpla  axamolai  are  given  to  Illustrate  their  accuracy  id- 
vantages  over  suboptlmal  normal  flltars. 


I.  INTRODUCTION  for  data  processing  algorithms  which  recognize 

tha  existence  of  quantization  constraints  In  tha 
Host  estimation  algorithms  sssuma  that  the  iimpllng  process.  The  computational  procedures 

sensor  observations  ara  selected  from  a  continuous  most  frequently  used  do  not  fulfill  this  requlre- 

itatlitleal  distribution.  In  many  practical  ettl-  ment.  In  a  general  sense,  we  may  conealve  of 
tuda  datereil nation  problems,  howavar,  tha  manure-  four  combinations  of  models  for  the  observation 
ments  will  ba  noticeably  quantized,  The  aampla  nolia  and  tha  sampling  limitations.  Tha  observi- 

valuas  will  be  taken  from  a  discrete  statistical  tlons  may  or  may  not  contain  normally  distributed, 

distribution.  In  soma  casei,  tha  measurements  are  additive  noise.  Samples  of  these  observations  may 

constrained  by  attitude  eanaor  resolution  limits-  or  ray  not  be  taken  from  a  continuous  aet.  Either 

tlons.  In  others,  the  analog  output  from  tha  sen-  of  the  two  observation  models  may  ba  combined  with 

sor  Is  truncated,  before  eoemutatlon  and  trans-  either  o.?  the  two  sampling  models,  Methods  for 

minion  In  tha  downlink  telemetry,  by  the  analog-  processing  unquantlzed  data  are  relatively  wall 

to-dlgltal  format  conversion  process.  The  measure-  known.  We  wish  to  develop  feasible  algorithms  for 

ment  separation,  or  quantization  level,  will  be  processing  quantized  data  both  with  and  without 

determined  by  the  number  of  binary  bits  alloceted  normally  distributed  addltlva  noise, 

to  tha  sansor  raiding  and  tha  sealing  liw  employed 

for  conversion  to  engineering  units.  Ths  dita  procssslng  algorithm  must  product 

an  aitlmata  of  tha  state  variables:  tha  attltuda, 
Whan  quantization  Is  in  ippraclable  part  of  possibly  attltuda  rsta,  ind  significant  model 

tha  total  mesiurerant  error,  there  may  be  s  need  constants,  Tha  state  will  ba  measured  at  soma 
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epoch  tlm.  In  concept,  it  lint,  updating  i 
previous  ititi  to  the  currant  time  1i  a  trivial 
oparatlon,  Tha  aitlnata  Mill  aatlify  some  crl - 
tarlon,  but  tha  definition  and  exact  nature  of 
tha  bait  criterion  are  toplci  of  conaldarabla 
debate.  There  are  many  campi  In  tha  field  of 
animation  theory.  There  are  Baysslans,  who  uia 
a  priori  expectatloni,  ‘and  non-Bayaalim,  who  only 
believe  their  data.  There  1i  a  non-statlstlcal 
leait-iouarei  ichool  and  a  partially  itatlitlcal 
welghted-lesst-squarsi  ichool.  The  lesit-iquarea 
advocate!  minimi xi  the  im  of  the  iquarea  of  the 
reilduali,  the  difference!  between  the  measured 
and  predicted  sample  values.  The  weighted-least- 
squares  group  gives  different  weights  to  different 
data  typas.  There  Is  a  non-parametrlc  mini-max 
school  which  believes  In  minimising  the  maximum 
error  without  making  any  hypotheses  about  tha 
statistical  distribution  on  the  simple  values. 

There  It  a  parametric  mini-max  ichool  which  would 
minimise  tha  maximum  covariance  matrix  of  itata 
estimation  uncertainties.  There  Is  s  maximum 
likelihood  school  which  favors  tha  estimate  which 
maximises  the  probability  density  function. 

Finally,  there  Is  an  expected  value  school  which 
advocates  computing  tha  mean  of  tha  conditions) 
distribution  defined  by  the  s  priori  probability 
density  given  the  data.  There  are  particular 
problems  which  ire  more  tractable  solved  one  way 
rather  than  another.  Thera  ire  also  special  cases 
which  violate  the  rational! behind  some  of  these 
criteria.  In  many  Instances,  several  different 
philosophies  will  all  yield  tha  same  snswer.  Each 
school  contributes  something  to  our  understanding 
of  the  estimation  proceie.  The  factors  to  be 
considered  In  selecting  a  criterion  are  the  analy¬ 
tic  trectablllty  of  the  derivation,  the  computa¬ 
tional  complexity  of  the  algorithm,  the  accuracy 
of  tha  answer,  and  the  engineering  application, 

If  we  were  faced  with  a  drop-dead  accuracy  require¬ 
ment,  we  would  lean  towards  a  mini-max  criterion. 

If  we  lacked  faith  In  our  ability  to  model  sensor 
noise,  we  would  adopt  a  non-parametrlc,  s  least- 
squares,  or  a  welghted-leait-squares  criterion, 

When  the  probability  density  function  Is  symmetri¬ 
cal  about  Its  unique  maximum,  the  mein  and  maximum 
coincide  either  the  mean  value  approach  or  the 
maximum  likelihood  approach  may  be  used,  wtil ch 
ever  Is  easier.  When  the  density  distribution 
exhibits  several  relative  maxima,  however,  the 
method  of  maximum  likelihood  should  be  avoided. 

In  developing  algorithms  for  attitude  deter¬ 
mination,  we  shall  use  the  maximum  likelihood 
criterion  and  adopt  a  Bayesian  outlook  regarding 
the  Importance  of  a  priori  Information,  Bayesian 
algorithms  are  flexible  and  may  be  used  for  both 
batch  processing  and  sequential  estimation.  At 
tha  last  minute,  a  Bayesian  has  the  option  of 
changing  his  mind  and  de-weighting  the  a  priori. 

The  rationale  behind  tha  selection  of  the  maximum 
likelihood  method  In  preference  to  the  mean  value 
method  Is  somewhat  subjective.  Tha  use  of  tha 
expected  value  for  the  state  estimate  Insures  that 
the  variance  or  second  moment  of  the  probability 
distribution  Is  minimised  In  a  region  near  the 
estimate.  The  iwxlmum  likelihood  state  optimizes 
the  probability  of  Inclusion  In  a  region  near  tha 
estimate.  Tha  expected  state  and  maximum  likeli¬ 
hood  state  coincide  If  all  four  of  the  following 


conditions  hold: 

e  tha  a  priori  deviations  are  normally 
distributed 

e  tha  observation  noise  Is  additive  and 
normally  distributed 

e  the  sampling  distribution  Is  continuous 

e  tha  observations  are  linearly  related 
to  tha  itata. 

When  the  sampling  distribution  Is  discrete,  the 
probability  density  Is  skewed  towards  the  a  priori. 
The  maximum  likelihood  estimate  will  be  dour  to 
the  a  priori  than  the  axpected  state.  This  ten¬ 
dency  may  be  In  accordance  with  angl nearing 
judgements  sbout  the  ralatlva  credibility  of  the 
s  priori  ind  e  posteriori  Information.  Alio, 
the  attitude  senior  and  data  procaiiing  computar 
may  both  ba  Ineludtd  In  tha  xttltuda  control  loop. 
The  maximum  likelihood  estimate  of  attitude  may 
ba  preferable  to  tha  main,  bacausa  an  ovsr  cor¬ 
rection  for  a  raturn  to  the  a  priori  costs  mora 
attitude  control  gas  than  in  under  correction. 

Tha  scope  of  thli  analysis  Includes  tha 
derivation  of  specific  conditions  sstlsflad  by 
tha  maximum  likelihood  state  estimate  for 
quantised  data,  tha  construction  of  feasible 
algorithms  for  evaluating  this  stats  estimate, 
and  tha  dailgn  of  software  Incorporating  than 
algorithms.  In  addition,  tha  rtlatlva  merits 
and  demerits  of  such  procedures  will  be  examined, 

Certainly,  there  era  slmpla,  sub-optimal 
algorithms  which  could  ba  usad  to  process  quan¬ 
tised  senior  dsta.  Complex  techniques  art  Justi¬ 
fiable  only  whan  the  emphasis  Is  on  accuracy 
enhancement.  Wa  can  predict  that  attitude  esti¬ 
mation  algorithms  which  racognlss  quintlzatlon  con¬ 
straints  will  bs  mora  comp 'i ax,  and  m>r«  sceurata, 
than  those  which  do  not. 

The  techniques  considered  should  be  appli¬ 
cable  to  any  attitude  determination  problem  which 
might  be  encountered.  The  estimation  aquations 
should  ba  expreind  In  a  form  explicitly  Indepen¬ 
dent  of  any  particular  dynamic  modal  or  senior. 
Examples  designed  to  guide  the  analyst  In  miking 
preliminary  decisions  about  the  necessity  for 
Implementing  then  algorithms,  howuvir,  should 
be  is  simple  is  possible. 

:i.  am miEBi 

A  eursory  review  of  prr„jdurea  for  process¬ 
ing  continuous  valued  observations  contaminated 
by  normally  distributed,  additive  noise  will  help 
codify  tha  notation  and  assumptions  to  ba  imployed 
In  deriving  algorithms  for  processing  quantized 
observations, 

Unless  tha  attitude  dynamics  era  badly  un¬ 
stable  or  tha  analyst  has  made  a  poor  cholca  of 
coordinates,  tha  propagatad  affact  of  small 
initial  state  perturbations  should  be  approxi¬ 
mately  linear  In  tha  neighborhood  of  a  refarenct 
solution  to  tha  dynamic  aquation*  of  motion,  avan 
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though  the  dynamic  modal  Itself  1»  non-11n«ir. 
Alio,  the  effect  of  »m»n  davlitloni  In  tha 
currant  atata  on  tha  nominal  obiarvitlona  daflnad 
by  tha  rafaranca  atata  should  ba  llnaar,  avan 
though  tha  observations  themialves  ara  non-llniar 
funetlona  of  tha  currant  atata,  In  many  cases, 
tha  obaarvatlona  Mill  ba  linearized  about  tha 
a  priori,  but  tha  dlatlnctlon  batwaan  tha  rafar¬ 
anca  and  a  priori  will  ba  Mlntalnad  for  gener¬ 
ality. 


If  a  total  of  n  attltuda  aanaor  manure- 
manta  ara  aval  labia,  thalr  davlatlona  y1(  ,  .  , ,  y. 
from  tha  obaarvatlona  computad  ualng  tha  rafaranca 
atata  may  ba  arrangad  In  an  nxl  column  vactor  y, 
Alio,  tha  m  unknown  davlatlona  batwaan  tha  true 
and  rafaranca  atata  paramatara  at  aoma  comon 
apoch  tlma  may  ba  arrangad  In  an  mxl  column  vactor 
and  denoted  by  x.  Tha  obaarvatlon  vactor,  than, 
la  glvan  by 


?■  a3  +  3 


whara 


la  an  nxw  matrix  of  f 1  rat  ordar  partial  darlvatlvaa 
of  tha  n  obaarvatlona  with  respect  to  tha  m  atata 
eonponanta,  and  n  la  an  nxl  column  vactor  of 
maaauramant  nolaa.  Tha  nolaa  la  normally  dla- 
trlbutad,  and  tha  maaauramant  nolaa  covarlanca 
matrix 


A  ■  if  W 

la  praaumably  known.  All  si anl f leant  maaauramant 
blaaaa  ara  Includad  In  tha  atata  vactor, 

In  accordance  with  our  Bayailan  phlloaophy, 
tha  davlatlon  x  of  tha  a  priori  itata  from  tha 
rafaranca  atata°and  tha  non-alngular  a  priori 
covarlanca  matrix 


a0  -  <v*xv*>T 

ara  aaaumad  to  b«  known. 

Tha  maximum  likelihood  atata  estimate  x* 
maxlmliaa  tha  joint  probability  density  function 
L(xlx0,y)  of  the  a  priori  atata  and  the  manure- 
mant  nolaa.  This  method  was  uaad  In  particular 
cun  by  Qauai  and  Introduced  n  a  general  pro¬ 
cedure  by  A,  A.  Flahar.  Tha  valua  of  3  which 
maxlmlxai  L(3lxe,y)  alio  maxlmliei  In  L(xlxc,y). 
Thus,  tha  maximum  likelihood  aatlmate  may  ba 
daflnad  by  tha  non-trlvlal  aolutloni  to  tha  likeli¬ 
hood  aquation 


a  In  L(5tl?0 ,?)  .  0 

- S? -  ' 


For  aamplai  taken  from  a  contl nuoua  dli- 
trlbutlon,  tha  logarithm  of  tha  joint  danilty  Is 

In  L(?l3t0,5)  •  -  J.  (I0-*)T  A"1  (3te-t) 

-  \  (y-A?)TA_1  (y-A3f) 

+  conitant. 

Tha  first  variation 


43T[a;j(30-3)  ♦  AV^J-A*)] 

mu at  vanish  at  J  ■  J*  for  any  choice  of  it.  Thu* 

*  •  ( A- 1+ATa“ X  A) - 1 < a; 1J0+ATa- l?>  (1) 

Tha  atata  eatlmetlon  trrori  ara 


3*-3  -  (AS1+AVlA)’1[A;l(Se-S)+AV1(5-A5)] 

iQ  eovarlanca  matrix  of  atata  aatlmatlon  uncertain- 

tl as  la 


(»*.*)(KSt)T .  (A;,*AVlA)'1[A;,(i#-it)(i#-«)T  a;1  1 

+  AVl(y-A3)(y-A3)^  A'lAXA^+AVMr1 
-  (a^aV^)'1  (2) 

By  mean*  of  tha  matrix  (Shur)  Identity 

(E+BD'lC)“‘  -  E"I»E’1B(CE’,B+0)'lCE’i 

which  holds  whan  tha  producti  ara  daflnad  and  E 

and  D  ara  both  aquara  and  non-alngular,  the  maxi-  i 

mum  likelihood  aatlmate  may  bs  written  In  tha  form  j 

3*  ■  At ( AA 0At*A ) “ 1 (J- AJb )  (3)  1 

and  the  covarlanca  matrix  of  aatlmatlon  uncertain-  i 

ties  Is  I 


(i*-35(3«-i)t  -  a0.acaT(AaoA%a)-1Aao  (♦) 

Clearly,  tha  atata  aatlmate  la  a  linear 
function  of  the  a  priori  and  obaarvatlona,  and  tha 
atata  aatlmatlon  uncertainties  ara  normally  dis¬ 
tributed,  Ha  shall  never  be  this  lucky  again. 

In  soma  cues,  n  may  ba  on  tha  ordar  of 
aeveral  thousand  points,  and  a  may  Include  from 
six  to  sixty  atata  variables .  If  Eqt.  0)  and  (S) 
ware  programmed  directly,  tha  core  storage  require¬ 
ments  would  ba  exceailve.  If  tha  observation 
errors  are  statistically  Independent,  to  th*>  errors 


T 


In  y<  and  yj  art  uncorralatad  for  IfJ,  than  A  and 
A*1  will  ba  diagonal  matrlcaai  tha  1th.  diagonal 
alaaant  of  A  will  ba  i< a  tha  virlanct  In  tn*  1th 
obaarvatlon,  and  tha  lih  diagonal  alamant  of 
A*1  will  ba  l/o<2.  Iftha  1th.  row  of  A  1i 
danotad  by 

A1  ■  ,») 


a  row  vactor  with  m  alanwnti.  than 

AV>  *  (Aj/cj.Aj/oj,  .  .  .  i  An/on), 
ATa ‘li  Ajy,/o|  • 
and 


itata  may  not  hava  baan  eloaa  anough  to  tha  trua 
atata  to  iniurt  llnaartty.  Thwrafora,  tha  maxi¬ 
mum  11  kali  hood  aatlmata  1i  addad  to  tha  rafaranca 
itata  to  daflna  a  naw  rafaranca,  and  tha  calcula¬ 
tion  ara  rapaatad  baginning  with  1-1.  Thli 
itaratlva  procatt  doai  not  convarga  until  tha 
trua  root-sum-tquara  of  tha  raildualt 

F  ^!i  a/9\ 

and  tha  pradlctad  root-ium-iquara  of  tha  raalduali 

-  [(y-A?*)VMy-AJt*)]^ 

■  [yTA'1y-x*TATA"1  J-y  TA  " 1  A?*+)t*TATA  " 1  Ajf*  ] 

•  t,!,  *I», /•()«*]% 


*V>»  .J, «{«,/.) 

Tha  axpraialon  for  tha  aatlmata,  Eq.  (1),  may  ba 
wrlttan  In  tha  form 

JMa;^  Ajyi/af)  (8) 

and  xha  aitlmatlon  arror  eovarianca  matrix  1» 


agraa  wall  anough  to  tatlify  tha  crltarlon 


jvr* -vr|/vr « 

For  almpllclty,  tha  flow  In  Fig.  1  doaa  not  ahow 
logic  for  bounding  tha  lolutlon,  for  adltlng 
data,  or  for  printing  ratlduali  and  itata  aftar 
avary  Itaratlon.  Tha  reduction  of  non-llnaar 
afficta  by  Itaratlon  la  ona  of  tha  advantagaa  of 
batch  procaailng. 


(M(X*-J)T  -  ( A“>  A^/af)-2  (8) 

Equation  (8)  glvai  tha  maxlaun  1 1 ka 1 1  hood  aitlmata 
In  tha  form  moat  commonly  uaad  for  procaailng 
latalllta  tracking  data.  A  alngla  aatlmata  of  tha 
itata  la  computad  from  all  tha  data  at  onca. 
Equation  (8),  than,  1i  a  “batch  procanlng" 
algorithm,  A  almpllflad  functional  flow  diagram 
li  mown  in  Fig.  1.  Tha  program  baglhi  by  raid¬ 
ing  tha  a  priori  itata  and  itata  eovarianca  matrix, 
tha  rafaranca  itata  aitlmata,  tha  apoch  tlma,  tha 
obaarvatlon  walghta  o....,  o  ,  and  tha  numbar  of 
obiarvatlona  to  ba  prdcanad  n.  Tha  program 
computaa  A:1,  qata  tha  icalar  P*0,  and  computet 
xa,  tha  dlffaranca  batwaan  tha  rafaranca  and 
a  priori  itataa  aatlmatai.  Tha  data  procculng 
loop  li  initialled  by  aattlng  tha  currant  obaar- 
vatlon  Indax  1*1,  tha  mxm  matrix  N*0,  tha  mxl 
matrix  M>0,  and  tha  icalar  T-0.  Tha  obaarvitlom 
and  thalr  tlma  tagi  ara  raid  off  a  tapa  or  dlae, 
tha  rafaranca  itata  la  uaad  to  computa  tha 
rafaranca  obaarvatlon  at  tha  tlma  tag,  tha  dlf- 
faranca  y<  batwaan  tha  actual  and  pradlctad 
obiarvatlon,  and  tha  Ixm  row  vactcr  of  obiervt- 
tlon  partial i  A^.  Naxt,  tha  running  aums  of 

A^/of,  A^/efi  and  yj/oj 

ara  computad.  Aftar  procanlng  tha  n^h  obiarva- 
tlon,  tna  itata  aatlmata  la  computad  via  Eq.  (8). 

At  thli  point,  wa  racognlia  that  tha  rafaranca 


If  Eq.  (3)  wara  uaad  to  procan  all  tha 
obaarvatlona  at  ona  tlma,  tha  eora  itoraga 
raqulramanti  would  ba  gron.  Tha  dlmanilona 
of  tha  nolia  eovarianca  matrix  would  axpand 
with  tha  numbar  of  obiarvationi.  Than  ara  no 
anaaky  trlcki  wa  can  play  with  lummatlom  to 
alltvlati  thla  difficulty.  For  aaquantlal  pro- 
eaailng  application! ,  howavar,  A,  may  ba  raplacad 
by  M-l  tha  itata  aitlmatlon  eovarianca  matrix 
aftar  1-1  obiarvationi,  tha  matrix  A  may  ba 
raplacad  by  A1  tha  obaarvatlon  partial!  for  tha 
IJtL obaarvatlon,  tha  eovarianca  matrix  of  ob¬ 
iarvatlon  arrora  a  may  ba  raplacad  by  si  tha 
varlanea  on  tha  Ijh  obaarvatlon,  tha  1 
a  priori  itata  xs  may  ba  raplacad  by  xf-i  tha 
itata  aitlmata  aftar  procaailng  1-1  obiarvationi, 
and  tha  a  poitarlorl  itata  x*  may  ba  raplacad  by 
x7  tna  itata  aatlmata  aftar  1  obaarvatlon*. 

Wu  than  mbitltutloni,  Eqa.  (3)  and  (4)  ara 


ij  ■  •  Ai-i  Ai  tyrAi*T-i: 

i +  Vi-iAi 


The  quantity  af+Af Aa-i 1»  a  scalar,  10  thar*  1* 
no  need  for  matrix  inversions.  These  are  tha 
familiar  Kalman  f 1 1  tar  vquctlons  for  an  epoch 
atata.  New  values  of  tha  apoch  itata  and  apoch 
atata  covarlanca  matrix  art  computed  aftar  avary 
obtanratlon.  This  It  a  "sequential"  aitlMtfon 
algorithm.  Convarslon.to  tha  currant  atata  and 
auto  covarlanca  matrix  1j  conceptually  aaay. 

A  simplified  functional  flow  diagram  for  tha 
estimation  algorithm  la  given  In  Fig.  2.  One 
of  tha  virtues  of  tha  aaquantlal  estimation 
procedure  la  Its  ability  to  procaaa  and  discard 
tha  data  a*  they  are  accumulated.  Tha  observation 
and  observation  time  Uq  are  no  longer  needed 
once  they  have  been  used  to  update  the  state. 
However,  the  sequential  form  can  net  easily  be 
used  to  overcome  non-linear  affects  by  repeated 
lUratlon  without  compromising  Its  main  advan- 
tagea. 


and  tha  estimation  variance  approaches 


o2/na2. 


III.  QUANTIZED  FILTERS 

At  the  ether  extrema,  the  a  posteriori  data 
may  be  free  of  random  noise,  but  the  samples  may 
be  restricted  to  a  discrete  sat  of  values.  Only 
tha  a  priori  state  errori  are  random  I.  la 
normally  distributed  with  covariance  matrix  a0. 
For  convenience,  let  ua  assume  that  tha  attitude 
sensor  data  art  roundad  up  or  down  to  the  near- 
eat  at  lowed  value t 


-(S/2)<;*Air<?/2 


Tha  darlvatloni  given  hare  follow  Sollowey, 
Ref,  1,  and  Cramer,  Ref.  2.  The  treatment  of 
correlated  observations  for  batch  procaaslng  la 
discussed  by  Megness  end  Meflulre  In  Ref.  3. 
Morrison,  Ref.  4,  describes  convergence  criteria 
end  bounds  on  tha  solution  for  non-llneir  Itera¬ 
tion.  Reference  5  derives  the  effect  of  un- 
estlmsted  biases  on  the  estimate  and  gives  s 
method  for  Implicitly  solving  for  biases  during 
batch  processing,  The  snslogous  state  reduction 
for  Kalman  filters  Is  outlined  by  Qallas  In 
Ref.  6.  Most  suthors  give  tha  text  by  Shapiro , 
Ref.  7,  as  tha  original  source  for  the  application 
of  batch  processing  methods  to  trajectory  pre¬ 
diction.  Buey  snd  Joseph,  Ref.  8,  have  recently 
authored  a  book  emphaslilng  sequential  estimation. 
Thla  taxt  contains  an  axtanalve  bibliography  on 
tha  theory  and  application*  of  Kalman  filters. 

Simple  examples  sometimes  help  explain 
more  complex  phenomena.  In  tha  one-dimensional 
esse  where  the  partial  of  the  observation  with 
respect  to  the  state  Is  e  acalar  constant  a, 
tha  maximum  11  kali  hood  atata  eatlmate  Is  glvan  by 


where  2  limn  nxl  column  vector  of  el  amenta 
specifying  the  quantization  for  tha  associated 
observations.  Cases  where  the  dsta  ere  always 
rounded  up  or  always  roundad  down  may  be  treated 
In  thla  format  by  modifying  tha  observation  vec¬ 
tor  y. 


The  Joint  probability  density  of  the 
*  priori  state  estimate  and  s  postmr 1  or 1  data  Is 


i  (*l*0»y)  ■  *  (*|Jo>  pi  (*|yi)*-'Pn  (*|yn> 


for  this  combination  of  the  continuous  end  dis¬ 
crete  distributions  treated  In  Ref.  2,  The 
a  priori  distribution  Is 


f  (*!*■> 


i  -(*0-*)V(V*)T/2 

(2n5m/*  a0  l/i 


for  the  m  elements  of  the  state  victor  x„.  Tne 
discrete  probeblllty  for  the  1th,  observation  Is 


x*  .  ty'<s>  *  l  fl 

(l/o2)  ♦  n  (t2/o2) 


Pl(X|y,)  .)  ^  >0 

i  0  If  ||yi  -  A1x ,1  >ii/2 


whir*  x9  la  the  a  priori  astlmata  of  x,  o.  Is  tha 
a  priori  varlanea,  o*  la  the  maasurement  noise 
variance,  end  w  Is  the  total  number  of  observa¬ 
tions.  the  estimation  error  variance  Is 


where  Aj  Is  the  1th  row  of  the  observation  par- 
tlels  matrix  A,  The  constant  1/ai  normallzas 
tha  Integral  of  the  dlitrlbutlon,  Tha  *olut1on  x 
auch  that 


0 

If  the  a  posteriori  dsta  ere  of  little  value,  tha 
parameters  naM/o2  end  (eot/o2)  tyj  will  be 
smell i  the  s  priori  will  dominate  the  solution. 

As  tha  quantity  of  e  posteriori  date  Increases, 
the  state  estimate  approaches 


151  PI  <x(yq)  f  0 

Is  not  necessarily  unique.  By  the  somewhat  sim¬ 
plified  conditions  of  the  problem,  then  must 
be  it  least  ona  solution  such  that  thn  constraint 
limits  ire  satisfied  for  ell  the  obsirvitlons. 
However,  there  may  actually  be  an  Inflnlta  number 
of  solutions  satisfying  then  constraints.  The 
selection  of  the  solution  which  tleo  minimizes 


% 


Inaurwa  i  unique  estimate,  Whsn  tha  aampllng 
distribution  Is  continuous,  Inclusion  of  *  priori 
statistics  Is  t  Mttsr  of  engineering  Judgement. 
If  we  want  a  unlqua  solution  when  tna  data  ira 
quantliad,  m  must  give  up  this  option. 

The  quantized  maximum  likelihood  estimate, 
than,  will  mini  ml  za  tha  quadratic  form 

(i0-f>V<*e-*) 

subject  to  tha  constraints 


•1/2  <,  y  -Aj  *  t/l, 

Problems  of  this  type  have  baen  solved  by  Whalen, 
Ref.  9,  using  linear  programing  and  tha  "simplex 
method'1  developed  by  Dantxlg  In  Ref.  10.  Tha 
equations  raqulrad.ara  straightforward  In  a 
formal  sanaa.  If  T  •  y-Al  Is  a  "surplus/sleek" 
vector  satisfying  the  quantization  constraints 
Ui(<d4/2,  than  the  maximum  likelihood  estimate 
i*  minimizes 

(V*>T 

subject  to  the  linear  constraints 


t  •  y  +  A*  ■  0, 

Tha  same  solution  mlnlsities  tha  unconstrained 
scalar  function 


where  I  la  a  column  vector  of  lagrangltn  multi - 
pliers.  Tha  first  variation  wit  vanish  at  tha 
extremal  point,  and  the  components  of' tha  first 
variation  ax  are  arbitrary.  Thu», 

t*  •  f.s*T  t , 

0  0 

ind 


T-y  ♦  AJfl  -  (A*/)  t  ■  0 

from  the  constraint  equations. 

If  we  want  to  selva  far  t,  «  are  going 
to  have  ta  Invert  tha  matrla  Aa.At.  Thare  are  n 
observations  and  •  state  per  saw  ran,  so  this 
matrix  la  equal  to  tha  product  of  an  nxm  matrix, 
an  axm  matrix,  tad  an  mxn  matrix.  Whan  n»m,  tha 
product  la  singular.  Mhen  *■*  and  A  la  non¬ 
singular 

0  0 


If  n«m  ind  tha  row  vectors  In  A  art  linearly 
Independent,  than  Aa6A'  Is  Invartabla.  In  other 
words,  tha  number  of  Independent  constraints  can 
not  axcaad  tha  state  dimension  without  overspecify¬ 
ing  tha  solution,  Whan  n>m,  as  Is  most  often  the 
cast,  then  chart  will  be  a  minimal  subset  with 
observation!  i<m  such  chat  ths  remaining  n-z 
obligation  constraints  are  satisfied  automati¬ 
cally.  If  Ax  la  a  matrix  with  s*p  linearly 
Independent  ram*  taken  from  the  set  A],...,An 
and  y,  is  the. corresponding  sublet  of  observations 
from  y,  then  I  Iran  txl  vactor  given  by 

t  ■  (vX>-‘  a-v«A). 

the  optimal  stats  astlmata  la 

»*  ■  “.‘Ifit-W.)  I" 

and  the  quadratic  criterion  la 

,  •  (v»*>v  <*.-**> 

Whan*n-i,  and  Ax  la  Invartabla 
**  -  Ajl  (H) 

how,  let  us  convert  these  formal  results 
Into  a  feasible  algorithm.  Qlvan  the  a  priori 
state  and  no  obisrvatloni,  our  beat  astlmata  of 
the  state  1*  the  a  priori  state  Itself  S*«x0. 

We  begin  by  testing  tha  attitude  sensor  observa¬ 
tions  yi ... ■ ,  yi As  long  ac  tha  senior 
constraint* 


llyi-M*ll  i  bi/a 

are  satisfied,  I*  Is  in  adequsts  state  eatlmate. 

In  general,  each  observation  maps  Into  two 
peril  lei  hyperplanea: 


y^-A^J*  ■  p^/2 

aad 


>rM*  •  -V2 

A  sketch  ef  the  constraint  boundaries  Is  shown 
If  Fig.  1  far  a  two  dimensional  state  vactor  with 
components  x. ,  x.,  and  origin  at  x0.  Only  two 
observation*  are  illustrated.  Kaeh  observation 
hare  imp!  Into  two  parallel  lines. 

Ai  torn  os  tha  number  of  linearly  Indepen¬ 
dent  observations  equal*  the  dlmmlon  of  the 
state  apace,  the  region  containing  the  optimum 
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Conatraint  Baundariri  A 


Fig.  5.  Conatratnt  Boundarlii  C 


estimate  win  be  bounds,  We  could  delete  any 
observation*  which  11a  outslda  tha  currant  boundi 
by  kaapl ng  trick  of  tha  vartlcai.  Howavar,  If 
aich  oburvatlon  hippan  to  daflna  naw  vartlcai, 
wa  might  and  up  with  mora  vartlcai  than  obiarva- 
tlont.  Any  such  deletion  tchama  should  ba  ta 1  - 
lorad  to  tna  data  and  dynamic  modal. 

Eventually,  wa  hopa  thara  will  ba  an  obsar¬ 
vatlon  yj  such  that 


Tha  naw  astlmata  of  tha  optimum  stata,  as  da* 
flnad  by  Eq.  (9)  with  Ax  Aj ,  ate.,  will  11a  at 
tha  point  of  tangancy  between  tha  viol atad  con¬ 
straint  boundary  and  an  a  priori  aqulprobabll Ity 
ellipsoid.  Figure  4  lllustratas  such  an  optimum 
for  tha  third  obsarvatlon i  tha  aaas  ara  semi  ad 
jo  maka  tha  aqulprobabll Ity  alllpsaa  cantarad  at 
x„  appaar  circular. 

Tha  naw  candl data  for  tha  optimum  astlmata 
may  vlolata  soma  of  tha  constraints  Imposad  by 
tha  old  obsarvatlons  1<1«J.  Tha  matrleas  and 
victors  usad  to  daflna'tHa  candl data  stata  must 
ba  savad.  Than  paranatars  will  ba  danotad  by 
a  subscript  s.  Tna  valua  of  tha  Index  1  which 
cauaas  all  tha  othar  violations  to  ba  satlsflad 
must  maxlmlxa,  for  all  violations  computad  using 
x.,  tha  minimum  valua  of  tha  quadratic  criterion 
along  tha  Intarsactlon  boundary.  For  aach  valua 
of  1  assoclatad  with  a  violation,  wa  must  daflna 


*1  *  *M 


and 

i  •  s+1 . 

A  sketch  showing  tha  optimum  at  a  vartax  Is 
Included  at  Fig.  5.  if  tha  dlmanslon  of  tha  con¬ 
straint  tpaca  t  is  equal  to  tha  dlmanslon  m  of 
tha  state  vector,  than,  by  hypothasla,  tha  esti¬ 
mate  must  satisfy  all  tha  constraints  Imposad  by 
observations  with  Indicia  less  than  1.  If  i<m, 
than  l  may  not  ba  large  enough,  Thara  may  ba 
constraints  which  ara  satlsflad  by  tha  old 
astlmata  Xg  and  not  satisfied  by  >%  At  this 
point,  wa  must  return  and  begin  tasting  tha  first 
obsarvatlon  with  tha  naw  state  estimate. 

Eventually,  wa  will  either  obtain  a  solution 
for  soma  i«m  which  satisfies  all  tha  constraints, 
or  wa  will  Inersasa  tha  dimension  of  tha  con¬ 
straint  space  until  i»m.  Ones  wa  satisfy  ona  of 
thasa  conditions,  wa  can  begin  tasting  yj+i,,,. 
However,  whan  ona  of  the  naw  observations  In  tha 
sat  jut,...  violates  the  obsarvatlon  constraint 
defined  by  X*,  wa  have  no  guarantee  that  the 
optimum  lias  on  a  vartax.  This  possibility  Is 
shown  In  Fig.  6.  Wa  must  begin  again  with  1-1 . 

Tha  computational  procedure  outlined  Is  sequen¬ 
tial  ,  The  obsarvatlon  base  Is  axpandad  measure¬ 
ment  by  measurement,  and  tha  currant  stata 
estimate  Is  either  allowed  to  stand  or  recomputed 
to  satisfy  all  tha  proceeding  constraints,  Un¬ 
fortunately  the  observation!,  once  processed,  can 
not  be  discarded, 


and 


Ini 


1' 

The  number  of  constraints  now  Is  t+1. 
Equations  (9)  and  (10)  determine  tha  naw  state 
astlmata  X*  and  criterion  value  e  at  the  Inter¬ 
section.  Whan  tha  criterion  value  c  for  soma 
observation  exceeds  tna  maximum  criterion  value 
cm  from  previous  violations,  tha  current  para¬ 
meters  should  ba  saved  using  tha  notation 
VAi,  yryii  urtli  Xm"X*,  and  ere.  Once  all 
the  violations  by  x(  have  buen  tasted,  wa  must 
Incrament  tha  constraint  dlmanslon  count  and 
reconstruct  tha  optimum  solution  by  sitting 


A  simplified  logic  flow  diagram  for  a 
aaquantlal  quantised  filter  Is  ahown  In  Fig.  7, 

Tha  moat  frequently  uiad  teat  loop  It  mada  ai 
short  ai  poailbla  by  sitting  ig-bj  and  aj-0  each 
time  a  naw  obsarvatlon  y j  violate!  1 ta  constraints, 
For  tha  lime  reason,  4f»in  Is  lived  and  bn»0. 

Tha  basic  teat  on  tha  obsarvatlon  la  sufficient 
to  detect  tha  last  observation  In  either  can, 
and  taata  of  1»j  and  1»n  may  ba  eliminated  from 
tnla  moat  frequently  uiad  portion  of  tha  computa¬ 
tional  logic. 

A  flow  diagram  for  a  batch  varalon  of  a  com¬ 
puter  program  for  proceaelng  quantised  data  la 
given  In  Fig.  8,  If  tha  tangent  point  to  tha 
violation  which  maximise*  the  criterion  function 
does  not  product  an  estimate  satisfying  *11  the 
observation  constraints,  than  the  solution  lias 
on  s  vertex i  the  constraint  dimension  Is  expanded, 
and  a  new  optimum  la  computed.  TMi  proem  of 
testing  and  expanding  the  constraint!  continues 
until  the  constraint  and  state  dimension*  are 
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*qu*l  or  until  the  observation  constraints  are 
satisfied.  The  logic  required  for  these  bitch 
computation!  Is  i  subsat  of  tha  logic  for  tha 
saquentlil  algorithm. 

In  tha  general  multi -dimensional  case,  than 
It  no  simple  way  to  datarmlna  tha  arror  In  tha 
stata  astlmta.  Tha  a  priori  normal  dimity  must 
ba  Integrated  ovar  tha  ana  enclosed  by  tha  quen- 
tliatlon  constraint!.  Tha  magnitude  of  tha  error 
Is  bounded  by  tha  distance  from  tha  state  astlmata 
to  tha  furthest  constraint  boundary  around  tha 
region  of  allowed  estimates.  A  linear  Honta  Carlo 
analysis  may  provide  tha  bast  means  of  determin¬ 
ing  estimation  uncertainties,  because  of  tha 
difficulties  which  would  ba  encountarad  In  trying 
to  construct  the  bounding  surface. 

For  a  one  dimensional,  static  modal,  tha 
state  and  observation  deviations  are  constant. 

Tha  maximum  likelihood  stata  estimate  Is 


(y-A/2)/s 

If  y-axe»a/2 

X 

c 

If  -A/2<y-ax  <a/2 

(y+A/2)/« 

If  y-ix#«-A/2 

Tha  probability  density  function  Is 


0  If  |y-sx|>A/2 
(l//Zffoek)a'(*‘xo)2/2oo 


otherwise,  where 
k  ■ 


,  JyW  2)/e 

f  •  d, 

J  (y-a/2)/s 


normellzes  tha  denilty  Integral. 

As  a  numerical  example,  suppose  the  quantl- 
zetlon  level  A/a  Is  equal  to  the  i  priori  standard 
deviation  ea,  and  the  obeervetlon  (y/e)  occurs 
2.5o0  units  from  x«.  The  density  function,  then, 
Is  aero  when  x  Is  less  thin  2.0op  units  or  greatsr 
then  J.0c?  units  from  x0.  The  state  estimate 
which  mixlmiiee  tha  danalty  Is  given  by 


x*  ■  2.0oo 


beet use 


2.5o„  •  (y/s)  »x  »a/ l  ■  0.8«„. 

0  0  0 

The  mmsn  x  of  the  distribution,  taken  nt  a  state 
estimate,  mlnlmlies  the  variance 

MV 


and  Is  located  2.32o0  units  from  tha  a  priori. 
Tha  median,  or  SOS  probability  point,  x8S  mini¬ 
mizes  ths  first  absolute  moment 


|  F-*ioj( 

taken  tt  e  state  estimate  and  1i  located  2.26o0 
unite  from  the  a  priori,  The  estimate  which 
mlnlmlies  tha  mxtmum  uncertainty  Is  given  by 
tha  arithmetic  man  of  tha  and  points  and  Is 
located  2. So.  units  from  the  a  priori.  The  rale- 
tlvi  virtues  of  aaeh  of  thosa  matures  of  central 
location  taken  as  a  stata  estimate  x*  depend 
on  what  ont  wants  to  maximize  and  where  one  wants 
thr  maximum  to  occur.  The  probability  of  In¬ 
clusion  In  s  synmatrlc  Interval 


P(|x*-x|<d)  • 


for  oach  of  this*  estimates  Is  shown  In  Fig.  9 
as  s  function  of  d.  As  sxpactad,  the  median  is 
ths  “best"  estimate  for  this  criterion  up  to  tha 
point  where  the  cymmetrle  Interval  extends  below 
ths  break  point  In  the  density  function.  At 
high  probability  levals,  tha  mini-max  astlmta 
is  best.  Becausa  ths  lower  half  of  tha  ayiti- 
matrlc  Interval  dots  not  contribute  anything  to 
tha  probability  Interval,  tha  maximum  likelihood 
estimate  1i  never  beet.  On' the  other  hand,  we 
may  ba  mori  Interested  In  maximizing  the  pro- 
bsblllty  of  Inclusion  In  an  Interval  of  fixed 
length,  containing  tha  estimate,  with  an  arbi¬ 
trary  mid-point.  This  probability 

P[xd(x\d)]  •  f  f(x)  dx 

Is  shown  In  Fla.  10  for  our  numerical  example. 

The  midpoints  nave  been  selected  to  maximize  tha 

Brobeblllty  of  Inclusion  for  ascii  of  our  estimates. 
1th  this  performance  criterion,  the  maximum 
likelihood  aitlmata  Is  is  good  or  better  thin  any 
other  possible  estimate. 

If  in  algorithm  for  proceselng  data  with 
normally  distributed  errors  had  bean  used  for  our 
axempla.  tha  estimate  would  converge  eventually 
to  (y/e)  *  2 . Sa0 .  Tht  rata  of  convergence  would 
dspend  on  the  ratio  of  the  hypothetical  Measure¬ 
ment  standard  deviation  o  to  the  i  priori  stan- 
dird  deviation  se, 

iv.  ay^imaBWLiiLTiw 

A  combination  of  tha  two  data  types  covered 
In  the  preceding  analyses  oceurt  when  the  atti¬ 
tude  senior  s' "nil  Is  contaminated  by  normally 
distributed,  ;  Jltlv*  nolss  and  than  quantised 
by  digital  ending.  This  can  Is  particularly 
Interesting  in  attitude  determination  problem, 
because  the  sensors  are  usually  noisy  and  design 
limitations  on  tha  satellite  communications  sub¬ 
system  usually  preclude  tha  use  of  lengthy  digital 
words  for  attitude  sensor  Information. 
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Tha  probability  dansity  function  for  tha 
Joint  distribution  on  tha  »  priori  stata  and  tha 
quanti sad-normal  sansor  nolsa  1*  glvan  by 

L(x|xo,y)  *  k  !,  (x|xq)  gm  (x|y) 
whara  k  Is  a  normalization  constant, 


g,(?!?e) 


glvas  tha  functional  dtpandanci  on  tha  a  priori 
astimta.  and  ' 

f  .(^a3)ta-Mv-a3)/2 

Sfltfly)  -  /  '  <J*i''*d*n 

Is  proportional  to  tha  probability  that  tha  popu¬ 
lation  oaramatars  daflnad  by  St  assusna  tha  tampls 
valuas  y.  Tha  voluma  of  Intagratlon  V  In  n  dlman- 
slonal  maasuramant  spaca  Is  boundad  by 

y  tVz 

tha  quantization  constraints.  This  Is  again  a 
combination  of  tha  continuous  and  dlscrsta  casas 
glvan  In  Aaf.  2.  If  tha  sansor  maasuramant  arrora 
are  uncorralatad,  than  a  Is  o  diagonal  matrix 
with  traca  alamants  oj ,  and 


«.«!?) 


n  fVV? 

i!i  J  ‘ 

J  y^-^/2 


[*rAA)Wt 


As  bafora,  In  tha  darlvatlon  of  tha  normal  flltar, 
tha  optimum  can  ba  found  by  aquatlng  tha  first 
variation  of  tha  danslty  logarithm  to  zaro.  For 
tha  maasurtwant  contribution, 


Jyrc*/2 _ 

p.V.*wM  * 

1  *' 


VV2 

W*  .  -(*rU)*/2o? 

-llT*  Jf  #, 


J.(y1W2. 


kfiVZo]  i(y1-41/2-A15t)V2of 


yrVz 


4!m(xly)  .  ,;T  5 

■53T7)  A 

at  B-Cy1‘*A</«-A1lt),/*0|  j(y1-a1/2-A1S)*/2o^ 

Jy^tl  ^1 

For  tha  a  priori  contribution, 

*1l— °2. .  .4*VM>t  -st) 

S^lifo)  °  ° 

Thus,  tha  maximum  11  kill  hood  condition 

*U^»l?0.y)  _  «B  ,(»«&)  +  dgm(?»|y) 

UMSt8,y)  “  *<M*0)  g^My) 


and  tha  rastrlctlon  that  sit  Is  arbitrary  Imply 
that  tha  maximum  11  kali  hood  stata  astlmata  x* 
must  satisfy  tha  transcandantal  aquation 

x*  •  ?  ■  A  ? 

0  0 

T  -(y,+y2-A(3t*)»/2of  -(y1-A,/2-A1«*)V2oj 

A.  a  •  • 

1  - - - - 

/  .  d#i 
>t-V!  (i 

For  tha  saka  of  bravlty,  this  condition  will  ba 
wrlttan  In  tha  form 

**  "  K  *  Ae  A  A1  *1  (?*> 


♦,(**}  • 

-(yiaa1/2-A1J«)*/!a|  -(y1-a</2-A13t*)*/2of 


On  the  surface,  it  least,  Eq.  (11)  urn  to 
be  ennoble  to  solution  by  Newtonian  Iteration, 

We  shill  denote  the  right- hind  s Id*  of  Eq.  (11) 
by  I(2»).  Fro®  •  state  victor  estlMte  3T*$.i  we 
my  computi  z(x*g.i).  Expansion  of  *| ,  the  Inprovtd 
stst*  estimate,  T n  «  first  order  aeries  ylslds 

*i  •  wm  *  j  «s  -  s}.,) 

By  differentiation  of  Eq,  (11), 

^  - ‘.,S, *1  ^ 

■  -  *. ‘I  “,«•)»! 


WM.  - 

replacing  y^/a^  In  tho  numintor  suwwtlon. 

A  computational  procsdur*  similar  to  ths 
Kalman  filter,  Eqs.  (7)  md  (B),  Is  naadid  to 

complate  tha  analogy  ba twain  normal  and  quantlzad- 
nomal  filters.  After  a  large  nmmbar  of  obsarva- 


normal  niters.  After  a  large  nawr  of  observa¬ 
tions  have  been  takan,  the  state  astlmta  should 
be  fairly  stable.  The  state  estimate  In  after  n 
measurements  and  tha  state  estlMte  If|.i  after 
n-1  measurement!  should  be  nearly  equal.  After 
n-1  measurements,  the  transcendental  Mxlmum 
11  kail  hood  condition  Is  given  by 

*n*l  ’  "Ac  ill  A1  *1  ^n-1^ 


^(2*)  '  t<i,4ai^‘*,l<*),/Z^.(y<.ai/a 

■'»,■»,/!  *1 

■-(y^yE-A^'/Zoj  1 C 

.  »l-v!  1 


W*'' 


Thus,  tha  Improved  state  estimate  Is  given  by 

*I»,  uj-i >»,] ' '  V[»'*i.i  >-*!.,] 

03) 

This  expression  may  be  put  In  a  more  convenient 
form.  First  of  all,  w  My  lot  20»2|.i  bo  our 
reference  state  estimate,  substitute  for  I(20), 
and  perform  same  algebraic  Mnlpulatlonst  then, 

*•  •  ♦,£,  * 
j/lM.’*,5.  -  .,  (*.)]>  (H) 

In  tha  limit  as  Oi  ayarNchei  zero,  b^(x0) 
approaches  (l/ol)  and  ai (»o  . approaches 
-(yi-AiIs  /s},  ’Equation  (14),  then,  Is  analogous 
to  Eq.  (I)  with  Ui(ts)  replacing  (l/oi4)  In  the 
normal  Mtrlx  and 


For  n  measurements, 


*n  '  *B  '  A0  ill  A1  ♦l<*$> 

Xn-rAo  j,  ^1<5?-'l(*llJAo‘!'n!*S.l! 
*n-rAo  1S1  AJ*i  ^n-1  )A1  •  ^"AeAn*n^n-l 5 


Solution  for  2*  yields 


*n  ■  *n-rCA;1  +i5t  *I“ltfa-l>Al3“lAI  *n  <*S-1> 

This  expression  Is  not  what  we  want  to  see. 
Because  of  computational  difficulties,  we  may  not 
wish  to  return  and  evaluate  W|(xJ|.i)  for  seen 
observation.  The  error  Introduced  when  Wi(xJs.i) 


Is  replaced  by  Wi(2?.i)  should  be  smII,  because 
*l(2*)  lie  first  dirt  votive.  If  Wa  (Z)  does 
depend  strongly  on  the  state,  the  linearisation 
la  Invalid  anyway,  With  this  epproxlMtlon,  we 
nay  define 
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and  the  noneel  filter  ettlmate  for  a  on#  dlsten- 
slonel  static  model  with  a  tingle  obiarvitlon 
type  approaehat 


A‘nl  -  V  +1?T  A1W1<*t-1>  A1 

“  An-1  *  AnV^n-l^  V 


**  "  in  h  *V 

Tha  quantized  diti  nay  be  brokan  Into  groups. 

Each  group  will  correspond  to  ona  of  tha  allowed 
observations  .  The  normal  filter  as  tins ta  will 
approach 


( ) 


By  tha  Shur  Identity, 


x*  ■  h  Pk  v 


An  '  An-1 


and  tha  mexlmum  likelihood  state  aatlmata  la 
given  by 


1  ft 


Thasa  axprasslons  are  analogous  to  tha  normal 
sequential  filter,  Eqs.  (7)  and  (8),  In^tha 
limit  as  tha  quantization  vanishes,  WjMXR-l) 

In  tha  denominator  approaches  an2,  while  tha 
scalar  WpMxfLi )*n(x/M)  In  tha  numerator 
approachis  yn-yVl  • 

In  view  of  tha  similarity  between  tha  normal 
and  quantized  normal  filters,  the  batch  and  se¬ 
quential  logics  described  In  Figs.  (1)  and  (2) 
will  be  applicable  In  the  quantlzad-normal  ease 
too.  Newtonian  Iteration  using  Eg .  (11)  should 
be  avoided  if  possible,  because  of  tha  computer 
time  cost.  If  non-llpearltlas  are  severe,  the 
Implicit  dynamic  non-linearities  and  tha  explicit 
transcendental  non-linearities  In  tha  maximum 
likelihood  condition  might  be  reduced  simul¬ 
taneously  using  an  Iterative  batch  logic. 

Estimation  uncertainties  for  the  duantlzed- 
normal  filter  will  not  follow  a  normal  distri¬ 
bution  unless  soma  simplifying  assumptions  ire 
made  regarding  tha  slza  of  tha  quantization.  In 
general,  a  linear  Honta  Carlo  analysis  would 
seem  to  provide  tha  most  convenient  means  of 
accurately  evaluating  filter  performance. 

According  to  Cramsr,  Ref.  2,  the  correction 
to  tha  mean  for  grouped  data  vanishes  to  terms 
of  order  four  In  a.  This  approximation  is  no 
longer  valid  whan  tha  quantization  and  measurement 
standard  deviation  ire  comparable  In  magnitude. 

In  theory,  at  least,  the  quantlzad-normal  filter 
will  converge  to  tha  correct  answer  as  tha  number 
of  observations  Increases.  However,  If  the 
normal  filter  wera  used  to  process  quantl zed- 
normal  data,  the  estimate  might  contain  residual 
biases,  even  when  the  number  of  observations  Is 
Infinite.  In  the  limit,  the  a  priori  Is  swamped. 


Is  the  probability  of  being  In  the  k$h  group. 

Each  group  has  the  same  quantization  Tevel  a  and 
the  variance  o2  is  tha  same  for  all  observations. 
If  tha  samples  are  symmetrical  about  their  true 
mean,  the  normal  filter  will  be  asymptotically 
exact.  If  the  samples  are  not  symmetrical,  a 
normal  filter  acting  on  quantl zed-normal  data 
will  laava  a  bias  error  In  the  estimate.  Numer¬ 
ical  calculations  have  been  carried  out  for  two 
examples:  i/o-1 .0  with  the  mean  offset  by 
-0,26a  and  a/c«4.Q  with  the  mean  offsat  by  -1 ,0a. 
For  a/o-1.0,  the  residual  bias  was  0.046s,  and, 
for  4/o«4. 0,  the  residual  bias  was  O.37o, 

The  estimation  of  parameters  In  a  distri¬ 
bution  of  known  form  vis  the  x?-m1n1muin  method 
Is  discussed  by  Cramer  In  Ref.  2.  A  priori 
statistics  are  not  used,  the  relationship  between 
the  state  and  sample  data  Is  static,  and  only  one 
data  type  Is  considered,  Under  these  assumptions, 
our  transcendental  maximum  likelihood  condition 
may  be  written  In  the  form 


k  r  -(yt+4/2-A 0?*)W  -(yr4/2-AoJ)2/2o21 

1*1  - - - l! _ i- 

r*  1W  -('f -A  ?*)W 

V‘/  2  0  * 


where  A0  Is  tha  common  value  of  the  A*.  If  the 
summation  Is  taxen  over  k  quantum  groupi,  we  have 


,  *(ykH/2-A >)J/2sJ  -(yk-4/2-A  ?)*/2oJ 

l  Vo  «  -« 


-(♦-A  ?*) J/2cJ 


yk-4/2 


where  vk  la  tha  number  of  obaervitlona  In  the  kth 
group.  The  Integral  in  the  denominator  1« 
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proportional  to  the  probability  of  1  nel u* Ion  pk 
In  th*  KJJj,  group,  and  th*  product  of  As  with  th* 
difference  of  th*  exponential  tarmi  In  th*  nuni- 
•ritor  1i  proportion*  1  to  th«  partial  of  th* 
probabl  1 1  ty  Pk  with  respect  to  th*  stit*.  Thui, 
th*  condition  on  th*  estimate  m*y  b*  written 


l 


0. 


If  th*r«  »r*  m  *t*t*  component*,  thli  aquation 
provlda*  ui  with  m  condition*  which  th*  itita 
mu»t  latlify.  The  quantity  »pk/»x*  1*  *n  mxl 
row  vtctor.  Thli  r*»ult  1*  1 dantl cal  to 
Eq.  30.3.3*  of  Ref.  2. 


bounding  vartlcai,  Th*  logic 
to  perform  thl*  t**k,  If  *va1 1  - 
*bl*,  could  dio  b*  ui«d  to 
provld*  *rror  bound*, 

•  Finally,  th*  maximum  1 1 kal 1  hood 
* 1 1 1  mat*  may  b«  th*  molt  de*1r- 
abl*  In  tom*  tppllcitlont  but  not 
In  other*.  For  quantized  »nd 
quantlzed-normal  d*t*,  algorithm* 
which  conput*  th*  *xp*et*d  it*t« 
or  th*  *t*t*  which  mlnlmlz**  th* 
f  1  rat  abaolut*  mom*nt  »r*  not  y*t 
aval 1 *bl * .  *v*n  though  th*1r  po- 
ttntltl  virtu**  tr*  d**r. 
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V.  CONCLUSIONS 

Wh*n  attlmatlon  iccuricy  1*  critical  and 
th*  attltud*  i*n»or  data  ar«  *ub,1*ct  to  quantize- 
tlon  conitralnt*.  th*  arrori  Introduced  by  pro¬ 
fiting  quantized  or  quantlzad-normal  data  with  a 
aub-optliMl  normal  filter  may  b*  Intolerable.  On 
th*  bail  a  of  th*  preceding  analyiai,  th*r*  ir* 
promlilng  computational  procedural  for  finding 
maximum  likelihood  attltud*  itat*  aitlmat**  In 
ca**i  wh*r*  quantization  occuri  but  th*  data  ara 
oth*rw1»e  error  fr**  and  In  cam  where  th*  data 
ar*  quantized  after  b*1no  iimpled  from  a  normal 
population,  That*  algorithm*  ir*  comparabl*  In 
generality  and  flexibility  to  th*  normal  filter* 
commonly  uied  for  trajectory  or  attltud*  eatlma- 
tlon.  Unfortunately,  they  ar*  alio  mon  complex, 

On*  moit  ilgnlflcant  conduilon  1*  th* 
equivalence  In  form  between  th*  normal  and 
quantlzad-normal  logic  flowi.  Any  computer  pro¬ 
gram  d*i1gn«d  to  proceu  normal  data  can  b* 

•ail ly  modified,  If  nacamry,  to  handle  quantlzed- 
normal  data. 

Some  potentially  Interesting  reieareh  topic*, 
with  practical  application!,  appear  to  have  been 
dlscovired  during  thl*  itudy. 

*  Although  a  linear  Monte  Carlo  analyili 
doe*  provld*  a  way  to  evaluate  eatlma- 
tl on  uncertainties  there  may  be  other*, 
let*  obvious  but  more  iitlifylng, 

*  Becaua*  of  their  complexity,  th* 
accuracy  enhancement  capability 
of  the**  f.  1  tar*  should  be  teited 
for  each  n*w  potential  application. 

Th*  eitlmatlon  accuracy  requirement! 
for  th*  application  In  queitlon  may 
not  be  stringent  enough  to  warrant 
their  ui*. 

*  Th*  convergence  propartlaa  of  the 
propoied  algorithm*  thould  be 
ttudled. 

*  The  amount  of  data  procened  by 

a  quantized  filter  could  poaalbly 
b*  reduced  by  keeping  track  of  the 
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This  paper  describes  the  sppl 1 cet 1  on  of  ions  raesnt  dsvel opments  in  itochaitlc 
estimation  theory  to  the  maehenl ration  of  itripdown  attitude  rsfsrsnca  systems  for 
spacecraft.  The  attituds  rifsrenca  problem  statement  and  the  growing  need  for  a  non¬ 
linear  formulation  are  briefly  reviewed,  along  with  some  applicable  elements  of  non¬ 
linear  estimation  theory.  Several  alternate  attitude  reference  meehanl aatione  era  out¬ 
lined,  and  then  some  state  variable,  atate  measurement,  end  noise  modeling  considera¬ 
tions,  coupled  with  computational  eatlmates,  are  shown  to  dictate  a  clear-cut  preference 
for  a  particular  mechanisation.  A  typical  configuration  for  an  advanced  spacecraft 
attitude  reference  aystern  la  than  postulated,  and  tome  simulation  results  of  the  per¬ 
formance  of  this  system  art  presented,  The  simulation  results  show  that  the  moment- 
approximating  approach  to  nonlinear  estimation  results  In  better  system  performance 
than  several  other  approaches  for  the  class  of  non  1 1 nearl ties  found  In  attitude  refer¬ 
ence  system  equations. 


L,  MIMPCT9E. 

Linear  optimal  filtering  theory 
(Refe.  1,2}  has  played  an  important  role 
in  the  field  of  spacecraft  trajectory 
determination  einca  about  1942  (Ref,  3). 
Since  that  time,  linear  filtering  has  had 
important  applications  in  the  aerospace 
areas  of  celestial  space  navigation,  air¬ 
craft  navigation,  reentry  vehicle  trajec¬ 
tory  eotimation,  orbit  determination, 
launch  vehicle  asoent  guidance,  and  dif¬ 
ferent  types  of  system  error  analysis. 

There  have  been  important  non-aerospace 
applications  as  well.  Recently,  the  need 
for  high  precision  spacecraft  attitude 
determination  has  led  to  the  application 
of  real-time  linear  filtering  in  this 
area  (Ref.  4).  The  latter  use  of  linear 
filtering  has  bean  made  possible  by  the 
advent  of  the  small,  low  power,  flight- 
weight  general  purpose  digital  computer. 

The  Kalman-Buoy  linear  filtering 
theory  works  very  well  for  small  angls 
precision  attitude  reference,  sinoe  the 

^This  work  was  supported  in  part  by  the  NAS. 
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necessary  assumptions  of  linearity  are 
very  good,  However,  for  the  more  general 
class  of  spacecraft  attituds  reference 
systems,  assumptions  of  linearity  break 
down.  For  all-attitude  or  lares  angle 
maneuvering  systems,  the  equations  of 
motion  become  highly  nonlinear.  For  less 
precise  systems,  assumptions  of  small 
deviations  from  a  nominal  attitude  tra¬ 
jectory  break  down.  For  gyroless  sys¬ 
tems,  a  nominal  trajectory  about  which 
one  can  linearise  coefficients  is  not 
available.  Therefore,  a  universally 
applicable  attitude  reference  filtering 
mechanisation  should  be  baaed  on  a  non¬ 
linear  formulation  if  possible.  This 
nonlinear  formulation  should  also  have 
the  property  that  it  reduces  to  the 
classical  linear  mechanisation  in  the 

limit. 

* 

The  estimation  philosophy  that  is 
followed  in  this  paper  is  based  on  entire¬ 
ly  Bayesian  models  for  the  state  and 
observation  noise  processes,  and  the 
estimation  criteria  will  be  minimum 
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variance  with  the  bait  estimate  defined 
•i  tha  conditional  mean.  There  ara  a 
numbar  of  othar  aatiaatior.  criteria  and 
noiaa  modal*  which  have  bean  studied  in 
tha  literature.  F or  ina tinea,  Kushner 
(Ref.  5)  and  Pfeiffer,  at  al.  (Raf.  6) 
have  atudied  filter*  who**  aatimata  i* 
the  mod*  of  tha  conditional  denaity 
(maximum  likelihood  aitiaation) ,  and 
LfaMay  (Raf.  7)  and  Schveppe  (Raf.  8) 
have  studied  tha  propagation  of  poaaibla 
■tata  boundaries  whan  the  inputs  ara 
daseribabla  in  a  sat-theoretic  oontaxt 
instead  of  a  probabilistic  framework. 

However,  for  tha  attitude  reference 
problem  at  hand,  tha  Bayesian  minimum 
varianoa  formulation  is  appealing  for 
several  reasons.  First,  it  turns  cut 
that  most  aodarn  inertial  component 
error*  oan  be  modeled  nioaly  in  terms  of 
detarminiatie  and  probabiliatio  procsssas. 
Also,  tha  minimum  aatimation  variance 
criterion  leads  to  a  formal  filter  which 
involves  expectations  of  products  of 
proceea,  observation,  and  state  compo¬ 
nent*.  Whan  Euler's  quaternion  para¬ 
meters  or  direction  oosinas  ara  uaad  to 
describe  tha  attitude  atata  component*, 
this  expectation  oparation  leads  to 
integrals  of  products  of  atata  variables 
end  marginal  conditional  densities  that 
never  have  to  be  intag rated  explicitly. 

When  the  attitude  dynamics  ara  rep¬ 
resented  by  nonlinear  differential  aqua¬ 
tions  and  nonlinaar  state  measurements 
ara  assumed,  it  can  b*  shown  that  tha 
state  probability  density  function, 
conditioned  on  all  tha  past  measurements , 
satisfias  a  partial  differential  equa¬ 
tion  similar  to  Kolmogorov1 a  forward 
aquation.  Using  this  result  and  tha  ltd 
calculus,  it  is  poaaibla  to  dariva  the 
differential  equations  for  all  the 
moments  of  tha  conditional  density.  The 
formal  details  ara  given  in  Kuahner 
(Raf.  9)  . 

Tha  problem  with  implementing  an 
attitude  estimator  basart  on  this  formu¬ 
lation  is  that  expectation!  of  funotiona 
at  least  oubicly  nonlinear  in  tha  atata 
ara  involved.  Therefor*,  these  expecta¬ 
tion  terms  ara  functions  of  higher 
moments.  Xn  turn,  the  differential  aqua¬ 
tions  for  these  higher  momenta  involve 
still  higher  momenta,  ate.,  and  the  axaot 
solution  would  require  an  infinite  number 
of  differential  aquations.  Xn  most  of 
ths  literature  on  nonlinear  estimation, 
the  infinite  dimensional  problem  is 
resolved  by  expanding  nonlinear  funotiona 
in  Taylor  aariea  about  the  expeotad 
value  of  the  state  and  truncating  the 
caries.  However,  for  the  attitude  aati¬ 
mation  problem  at  hand,  it  ia  unnecessary 
to  invoke  arguments  about  the  higher 
order  tenia  of  series  expansion*  being 


negligible.  Rather,  only  aertaln 
plausible  argument*  about  the  shape  of 
tha  conditional  probability  density 
function  era  necessary. 

Based  on  this  approach,  tha  paper 
describes  tha  formulation  of  a  compre¬ 
hensive  attitude  rafaranca  mechanisation 
capable  of  being  implemented  in  zeal  time 
in  a  apace craft  cotuputer,  Tha  formula¬ 
tion  ia  ganaral  enough  to  accommodate  nny 
combination  of  discrete  and  continuous 
attitude  and  angular  rata  measurements . 

A  typical  configuration  for  an  advanced 
apaoaoraft  attitude  rafaranca  system  la 
then  described.  The  performance  of  this 
system  in  the  face  of  various  lavals  of 
state  and  observation  noiaa  ia  demon¬ 
strated  by  showing  a  number  of  reaulta 
from  a  digital  simulation  of  the  system. 
Some  non-theoretiosl  questions  are  then 
briefly  discussed  relating  to  ths 
practicality  of  tha  system  postulated. 


XI.  AHAliVIH 

A.  Attitude  Rafaranca  Problem  Statement 

and  Background 

Tha  fundamental  point  from  which  moat 
stata-of-tha-art  precision  spacecraft 
attitude  rafaranca  system  syntheses 
proceed  is  tha  assumption  of  thraa-axls 
body  angular  seta  information,  usually 
in  the  form  of  a  thraa-axis,  strapped 
down,  single  dagraa-of-fraedem  gyro 
package.  Experience  on  a  numbar  of  pro¬ 
grams  of  this  nature  has  indicated  that 
this  la  the  beat  and  often  the  only 
method  of  achieving  precision,  wida  band¬ 
width  attitude  information  in  a  banian 
environment  when  the  heavily  weighted 
parameter ■  ara  simplicity,  high  precision, 
and  reliability.  Tha  output  from  this 
triad  will  be  continuous  analog  voltages 
or  trains  of  digital  rebalance  puls#*, 
These  output  signals  arc  than  integrated 
on  a  three-axis  transformation  basis  to 
obtain  a  continuous  indication  of  inertial 
attitude. 

Tha  basic  problem  which  must  be 
solved  in  any  attitude  rafaranca  ayatam 
of  this  type  is  the  bounding  of  the  long¬ 
term  attitude  errors,  These  errors  are 
caused  primarily  by  gyro  drift  and  scale 
factor  uncertainties  and  by  integration 
algorithm  imperfections.  Therefor#,  aoma 
method  of  periodically  injecting  direct 
attitude  information  into  the  attitude 
rafaranca  system  is  nacassary.  To 
illustrate  the  dynamics  of  tha  situation, 
consider  rig,  1. 

The  system  illustrated  in  this  figure 
is  s  single-axis  system  which  has  all  tha 
■client  error  propagation  features  of  more 
sophisticated  threa-axla  system*. 
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True  vehicle  rata,  9j,  it  corrupted  by 
gyro  noiaa  and, biases  (N)  and  appaari  to 
the  system  aa  9>c  Thia  ia  integrated 
continuously  to  obtain  a  running  measure 
of  trua  attitude,  9m.  To  bound  9u, 
pariodio  or  aontinuoua  measurements  ara 
made  of  attituda  (67)  diraotly.  Thaaa 
naaauramanta  ara  alao  oorruptad  by  aanaor 
noiaa  (N 1 )  and  tha  attituda  naaauramanta 
appaar  to  tha  ayatam  aa  6..  9,  ia  than 

compared  to  8M  and  tha  difference  ia 
uaad  to  ganarata  feedback  aignala  to 
trim  tha  attituda  and  rata  aatlmataa. 
an  arror  block  diagram  corraepondlng  to 
tha  abova  ayatam  appaara  in  rig.  2. 


FIs.  2.  Singla-axli  Error  Block  D 1  a g ram 


Tha  tranafar  function  for  ayatama  of 
thia  typa  ia 


U- 


1/Kj 

rmn 

a  + 1 


(i) 


Tharafora,  tha  affaot  of  adding  tha 
attituda  maaauraaant  sequence  8M  waa  to 
ohanga  tha  attituda  asror  fraguanoy  ra- 
aponaa  oharactariatioa  from  thoaa  shown 
in  rig.  3  (a)  to  thoaa  in  rig.  3  (b) . 

In  othar  words,  whan  attituda  measurements 
ara  addad  tha  affecta  of  low  fraquanoy 
and  d-c  rata  maaauraaant  arrora  ara  no 
longar  oataatrophio.  Tha  aituation  ia 
alightly  more  oomplioatad  whan  attituda 


naaauramanta  ara  reeeivad  only  at  diaosata 
point*  in  time,  inatead  of  on  a  aontinuoua 
baaia.  This  typa  of  ayatam  haa  an  error 
dynamic*  ayatam  that  oan  be  approximated 
aa  a  lamp lad  data  control  ayataa.  Buoh  a 


Fig.  3.  Attituda  Error  Frequency 
Reiponia  Charictarl itl.ci 


It  ia  poaaibla  to  analyse  thia  type 
of  a  ayatam  by  a-tranaform  and  w-plana 
taohniquaa.  Thia  analyaia  yields  arror 
fraquanoy  raaponsa  oharactariatioa  that 
have  pariodio  behavior  at  half  tha  samp- 
ling  Iraquency  for  tha  sampled  attituda 
signal,  for  tha  aontinuoua  attituda 
arror  signal  in  thia  system,  modified  a 
transforms  could  be  uaad  to  obtain  tha 
fraquanoy  raaponsa  and  othar  character¬ 
istics. 


This  discussion  waa  simply  inoludad 
to  indicate  that  e  given  attituda  rafat- 
enoa  ayatam  mechanisation  requires  knowl¬ 
edge  not  only  of  the  magnitude  of  tha 
measured  angular  rata  null  offset  and 
noiaa,  but  also  knowledge  of  ita  apactral 
characteristics  in  order  to  predict 
attituda  error  values  of  tha  ayatam.  It 
ia  clear  from  rig.  3  that  a  bounded 
attituda  reference  ayatam  is  less  sensi¬ 
tive  to  high-frequency  noiaa  than  it  ia 
to  lov-frsqueney  noiaa,  due  to  tha 
inherent  smoothing  in  tha  attituda  integ¬ 
ration.  Whan  mechanising  an  attituda 
rafaranca  ayataa  of  this  type,  the  fol¬ 
lowing  questions  must  be  aniwared. 

(1)  What  components  of  gyro  drift 
rata  and  autituda  maaauraaant 
arror  influence  tha  accuracy  of 


an  updated  attitude  reference 
eye ten,  and  what  are  the  mathe¬ 
matical  relationehipe  that 
describe  the  dependence  of  eye- 
tea  error  on  those  components? 


(2)  Oiven  the.  answer  to  the  first 
question,  how  should  the 
attitude  reference  system  be 
mechanised  to  ninimisa  sane 
I  measure  of  system  error,  i.e., 
.  how  should  the  feedback  gains 
be  chosen  as  a  function  of 
.initial  condition  errors  and 
tint?. 


,  Extensive  laboratory  testing  and  , 
analytical  modeling  studies  have  been 
performed  reoently  for  precision  inertial 
sensors  (Kef.  4), .  The  results  of  .these  > 
studies  indicate  that  in  ths  fraquanoy 
range  of  interest,  precision  rste  and 
attitude  inatruaenta  of  tha  typa  baing 
used  in  currant  systems  have  random  error 
ohsraotaristios  that  can  ba  modalad  quita 
acourataly  es  normally  distributed  whita 
random  prooasiaa.  This  fortunate  cir¬ 
cumstance  allows  one  to  turn  effectively 
to  the  extensive  literature  on  linoar 
end  nonlinear  atoahaatic  astimstion 
theory  to  implement  e  system  in  aome 
"optimal"  sense. 


l.  ypllc^H  MPP^t!««r 


Thia  aubeaction  will  review  briefly 
-.one  of  the  oonoepts  of  nonlinear  esti¬ 
mation  theory  that  have  a  bearing  on  tha 
attitude  raferanoe  problem.  It  should 
be  viewed  ae  a  skimpy  end  nonrigorous 
summary.  For  extensive  end  mathematically 
satisfying  expositions  of  the  subject, 
refer  to  Xushner  (Refs.  10,11),  Wonhem 
(Rtf.  12),  Buoy  (Ref.  13),  Ho  end  Lee 
(Rtf .  14),  end  Pfeiffer,  et  el.,  (Ref.  6). 


he  stated  in  tha  introduction,  tha 
process  and  obaarvation  noise  modala  era 
Bayesian  and  tha  estimation  criterion  is 
minimum  estimation  arror  variance,  with 
ths  best  state  estimate  therefore  being 
the  mean  of  the  conditional  probability 
density  function.  Specifically,  the 
differential  aquation  describing  the 
evolution  of  the  state  of  tha  dynamical 
system  is 


4x(l;)/dt  -  F[x(t),t]  +  Q(t)  w (t)  (2) 

x(0>  ■  (3) 


process  with 


E (w (t)w' ( t ) )  -  fi(t)i(t-T)  (4) 


where  4(.)  is  the  Dirac  delta.  Tha  esse 
where  0  depends  explicitly  on  x(t)  will 
not  be'etudiad,  as  this  leads  ?o  s 
langthy  and  subtle  argument  about  tha 
differsnea  between  the  ltd  calculus  and 
Stratonovloh  oaloulus  for  tha  differen¬ 
tials  Of  funotions  of  solutions  of 
stochastic  differential  equations.  Any¬ 
way,  thie  generality  will  not  be  needed 
for  the  problem  at  hand. 

The  problem  is  to  continuously  esti¬ 
mate  tha  state  g(t)  from  ths  oorrupted 
observations 

£(t)  ■  j! [X  (t)  ,t)  +  v (t)  (5) 

whsre  £  and  H  are  4x1  end  v(t)  is  an  4x1 
saro-mten  white  Oeuasien  noise  prooaes 
with 


E[v(t)v*  (t)  1  ■  * (t) d  (t-r)  (6) 

£  and  R  are  assumed  to  be  reel  symmetric 
positive  definite  (RBPD)  matrices,  and  in 
addition  it  is  assumed  that 

E(&(0>2' (t)]  -  0  (7) 

*[x(0)v' (t)]  -  £  (B) 

E  [w  (t)  v1  (t)  )  »  0i  V  t,t  e  0  (B) 


x  ( 0 )  is  a  Qsussisr.  process  with  rasan  f 
end 


*{  [»c  (0) -x0]  (0) -xe)  '  >  A  P(0)  -  ^  (10) 


where  J>  is  RSPD.  Under  the  above 
assumptions,  it  otn  be  shown  (Ref.  11) 
that  the  probability  density  function, 
conditioned  on  all  the  past  measurements , 
which  describes  the  distribution  of  x(t) 
satisfies  the  following  partial  differen¬ 
tial  equttlom 


»3i  laitigitia1  on  11x0i 


E*llt)  -  SIRItit)]) 


(ID 


where  x  and  P  art  nxl,  J  is  nxk,  and  w(t)  where 
la  e  ki;l  aero-mean  whits  Oauasian  noisa 


k 
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(17) 


Wl4*n  •  Ism.  b  «  •  4  t] 

(12) 

(Thii  partial  differential  aquation  with¬ 
out  tha  last  tans  (obiarvationa)  ia  tha 
Fokkar-Plank-Xolaogorov  aquation  for  tha 
forward  evolution  of  tha  unconditional 
density.)  Using  thia  result  and  tha  ltd 
calculus,  it  ia  poaaibla  to  dariva  tha 
differential  aquations  for  all  tha 
momenta  of  F  .  Tha  formal  dataila  ara 
given  in  XuaHner  (xaf.  I).  Tha  results 
for  tha  first  two  momenta  oan  be  ex¬ 
pressed  in  a  compact  notation  whioh  ia 
■uqqestad  by  Jagwinikl  (Raf.  13).  Tha 
conditional  mean  and  oovarianoa  differ¬ 
ential  aquations  ara  given  by 


■  mm i 

.  { Hillin' in  I  *  ini  m,m:|  (‘‘itiliiti  •  iiiuhI  dll 

Mljiti/«i  ■  |i!|ti>t' in i  •  iuhh'iiii  •  i  iui|'iti; 

•  ■Hiii  i  l'  in  ♦  gm  gmg1  iii|  ,, 

•  |i:«, mini ]  •  i^miimil'  i,1ii>lin)i»iiiui  •  ijiiiiitui  i| 

.  |ini:iii)iiniii|.  iiritn.iii!  iiiitn 

■«1IH»l«,ll]||lill  ■  i)iiiii«1ih:i  i. 

«  11,1111, iiiiiiui  i| 1  i,1i»i|iui  -  tiimil  ,i„ 


x[(x-«)f(x))  :  f2 
ato. 


x»# 


However ,  for  tha  estimation  problem 
at  hand,  it  will  ba  unnecessary  to  invoke 
arguments  about  tha  higher  order  terms  of 
series  expansions  being  negligible. 

Rather,  only  certain  plausible  arguments 
about  tha  anapa  of  the  conditional  proba¬ 
bility  danaity  function  will  ba  neoasaary. 
Tha  reason  thia  is  poaaibla  will  become 
apparent  in  what  follows . 

The  aquations  for  updating  the  state 
estimate  and  oovarianoa  aquations  at 
diaerata  updates  oan  ba  formulated  from 
a  lavas  rule  approach.  Ho  and  Lae  (Raf. 
14)  have  a  vary  readable  account  of  thia 
and  Jaawinaki  (Ref.  18)  gives  the  results 
of  some  further  studies  in  thie  area. 

When  the  disorete  observation*  turn  out 
to  be  linear  in  tha  state ,  which  is  often 
the  case  in  updated  attitude  reference 
systems,  th#  disorete  Xslmen  filter  up- 
dete  squstions  osn  be  used  to  osloulste 
the  stste  eitimsts  end  covariance  matrix 
disoontinuities  at  whioh  ooour  at  disorete 
measurement  time. 


This  filter  reduoes  to  the  Kalman-Buoy 
continuous  time  filter  whan  t  and  H  are 
linear  in  x.  The  problem  with  implement¬ 
ing  the  above  estimator  is  that  tarns 
like  E(xF')  and  K(xK')  are  involved. 

Since  r  and/or  H  la  nonlinear  in  x,  these 
expectation  terms  ara  functions  of  higher 
momanta.  In  turn,  tha  differential  equa¬ 
tions  for  these  higher  momenta  involve 
atill  higher  momenta,  ate.,  and  tha  exact 
solution  would  require  a  countable  infin¬ 
ite  number  of  differential  equationa. 

In  moat  of  the  literature  on  nonlinear 
estimation,  tha  Infinite  dimensional 
problem  ia  resolved  by  expanding  an  f(x) 
in  a  Taylor's  aariaa  about  tha  expected 
value  of  xi 


fix)  *  tun  ♦  ix-m 


X-* 


c. 


alternate  Attitude  xaferanot 
Mechanisation! 


■one 


The  ultimata  output  of  any  attitude 
rafaranoa  ayatam  ia  soma  periodic  or 
continuous  maaaura  of  vehicle  attitude 
with  respect  to  a  rafaranoa  coordinate 
ayatam.  Farformanoa-orlantad  goals,  whan 
mechanising  an  attltudo  reference  system, 
involve  minimising  a  functional  maaaura 
of  attitude  error  with  fixed  levels  of 
sensor  error,  or,  conversely,  maximising 
the  acceptable  levels  of  sensor  error 
oonalatent  with  meeting  a  fixed  level  of 
ayatem  accuracy.  There  are  a  number  of 
altarnata  mathematical  formulations  for 
tha  attitude  reference  problem  which  ara 
formally  equivalent.  However,  it  will 
be  shown  that  the  ohoioe  of  a  particular 
formulation  has  a  profound  influence  on 
•uoh  things  as  tha  ease  with  whioh  optimal 
or  auboptimal  estimation  theory  oan  ba 
applied,  computational  loading,  and  accur¬ 
acy. 


(IS) 


Then  tha  various  expeotad  valuaa  taka  the 
form 


•  If 


x"2 


(16) 


The  eyatema  diaouiaed  in  thia  report 
ara  limited  to  those  that  derive  an 
attitude  transformation  matrix  with 
reapaot  to  a  coordinate  system  fixed  in 
inertial  space.  The  basic  ideas,  however, 
•re  easily  carried  over  to  more  special¬ 
ised  classes  of  systems,  such  ca  local- 
vertical  oriented  systems. 

For  any  arbitrary  orientation  of  an 


attitude  reference  ay* tarn,  thara  axiata 
a  unique  real  orthogonal  tranafonnation 
matrix  T-_  which  mapa  inartial  vaotora 
Xr  into  Body  vaotora  Xgi 


*2  •  [tin  (x3)  p  +  ooa  (x3)q)  aao  (x^) 
i3  -  [atn  (x3)  p 

+  cob  tx3)q]  tan  (Xj)  r  .  (22) 


-B  "  SbiSx 


where 


S«: 


*11  *12  *13 
*21  *22  *23 
*31  *32  *33. 


(18) 
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The  objective  of  the  attitude  refer¬ 
ence  ay i ten  la  to  ocoa  up  with  the  moat 
accurate  running  aetimate  poaalble  for 
thia  nine-element  direction  ooaine  matrix. 
There  are  many  parametria  eyeteme  whiah 
are  commonly  ueed  to  define  uniquely  the 
direction  ooaine  matrix i 


*ij  "  *  l*V*a'  •  •  **n>  •  (20) 

The  moat  commonly  uaed  valuaa  of  n  are  3. 
4 >  and  9.  The  emalleat  value  of  n 
euffioient  to  define  uniquely  Tjj  ia  3. 
The  moat  commonly  uaed  three-parameter 
ayatema  are  the  varioua  Xular  angle 
ayatema ,  a  diacuaaion  of  which  can  be 
found  in  Ooldatein  (Ref.  17) .  For  an 
often-uaed  epaoaoraft  aet  of  xular  anglea 
in  the  pitoh-roll-yaw  aequancei  the 
direction  aoaina  element  equatlona  have 
the  form 


*11 

*» 

*» 

*u 

hi 


31 


•  ooi  (it])  soi  (ij)  ♦  tin 

•  soi  (xl)  lin  (Xj) 

•  -lin  (xj)  ooi  ♦  iln 

•  -ssl  IXj)  lin  (Xj)  ♦  iln 

•  •  SOI  (Kjl  SOI  (Xj) 

■  iln  (Xj)  lin  (Xj)  *  tin 

•  soi  (Xj)  tin  (Xj) 

«  -lin  (Xj) 

■  001  (Xj)  SOI  (Xj) 


(Xj)  lin'  (Xj)  lin  (Xj) 

(Xj)  ooi  (Xj)  tin  lx,) 
(Xj)  tin  (Xj)  esi  (Xj) 

(Xj)  OOI  (Xj)  SOI  (Xj) 

(21) 


The  differential  aquationu  relating  the 
Euler  anglea  to  the  body  axia  ccnponanta 
p,  q ,  and  r  of  the  total  angular  velocity 
vector  are  in  thia  oaae 


Xj  ■  eoa  (Xj)  p  -ain  (xj)q 


The  Euler  angle  formulationa  have  the 
atrong  diaadvantage  that  both  the  differ¬ 
ential  equatlona  and  the  direction  coaine 
equatlona  involve  nonlinear  (trigonometric 
and  product)  funotiona  of  the  luler  anglea. 
Mao.  the  differential  equationa  have  a 
ainoularity  at  x.  ■  rr/2.  However,  luler 
angle*  are  by  hoTseana  the  only  three- 
parameter  trenaformetion  ayatema. 

Mortenaon  (xef.'IS)  givea  a  very  intereet- 
ing  diaouaaion  of  the  ao-oalled  Rodriquea- 
Cayley  paraaetara,  which  have  the  diatinct 
advantage  of  differential  and  direction 
ooaine  equatlona  whioh  have  only  quadratic 
nonlinear Itiea,  whioh  are  computationally 
much  aimplar  than  trieonometrlo  non- 
linearltlaa. 

Ona  of  tha  moat  commonly  uaed  four- 
paraaatar  ayatema  ia  tha  Ruler  aueternicn 
parameter  ayatem  (often  referred  to  aa 
Eular'a  aymmetrioal  paramatara) ,  a  dla- 
ouaaion  of  whioh  oan  be  found  in  Mitchell 
and  hogara  (Rat.  IB),  for  quaterniona, 
tha  diraotton  ooaine  element  equatlona 
have  the  form 


*11  -  x2  +  xj  -  xj  -  x2 

*12  "  2  (XjXj  +  XjX4) 

*13  "  2(x2k4  -  xlx3! 

*21  "  2(X2X3  ■  x1k4> 

2  2  2  2 
*22  “  X1  +  x3  '  x2  -  N 

*23  "  2  ®X3X4  +  xlx2 ^ 

*31  “  2  *X2X4  +  xlx3^ 

*32  "  2(*3X<  "  xlx2> 

*33  “  x2  +  x2  -  xj  -  xj  . 


(23) 


In  thia  caae,  tha  differential  equa- 
tiona  relating  tha  Euler  quaternion  para¬ 
matara  to  the  bedy-axia  angular  velooity 
componenta  "are 


dj  -  1/2  (x4p  +  Xjr  -  x3q) 
*2  -  1/2  (x4q  +  x3p  -  Xjr) 


■  y- 
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x3  -  1/2  (x4r  +  Xjq  -  x2p) 

-  -1/2  (Xjp  ♦  x2q  ♦  Xjt)  .  (24! 


Kith  this  formulation,  the  direction 
coslns  aquations  become  quadratic,  non¬ 
linear  aquations,  and  the  quaternion 
differential  equations  are  linear  func¬ 
tions  of  the  quaternions.  (In  the  case 
of  the  Rodriquei-Cayley  parameters,  the 
differential  aquations  are  quadratlcally 
nonlinear.)  There  are  n'saarous  other 
four-parameter  sate  used  to  describe 
spatial  rotations  in  quantum  mechanics,  such 
as  the  Cayley-Xlain  parameter  set  (Ref. 

17! .  These  parameters  are  computationally 
unappealing  for  the  spacecraft  dynamics 
situation,  however,  since  the  parameters 
are  complex  variables. 

The  most  direct,  and  often  thi  best 
way  to  obtain  the  desired  transformation 
matrix  is  to  deal  with  a  non  -pavameter 
system,  i.e.,  the  direction  cosines  them¬ 
selves.  The  trsnsforaatlon  matrix  Tji 
is  written  directly  in  terms  of  the 
parameters,  and  the  direction  cosine 
differential  equations  are 


*n  "  *2ir  “  *n* 
*12  "  *22r  "  *32* 
*13  "  * 23*  *  *33* 
*21  "  *3 IP  "  *llr 

*22  "  *32p  -  *12r 
*23  “  *33p  "  *13r 
*31  "  *11*  ‘  *21p 

*32  "  *12*  "  *22p 
*33  “  *13*  ■  *23p 


Notice  that  now  all  the  equations  are 
linear  in  the  attitude  parameters.  This, 
however,  came  at  the  expanse  of  increas¬ 
ing  the  number  of  parameters  significantly. 
Also,  four-  and  nine-parameters  are  not 
all  independent,  and  the  resulting  trans¬ 
formation  matrix  can  beoome  non-orthoqonal 
because  of  computational  errors.  This  is 
not  usually  a  practical  problem  though, 
since  an  occasional  orthonoraall cation 
procedure  will  auffloe  to  prevent  degen¬ 
eration  Of  Tgj  . 

The  only  thing  that  resiains  in  the 
specification  of  the  attitude  reference 
algorithm  (exclusive  of  estimation)  is 
ths  determination  of  the  body  angular 
rate  components  p,  q,  and  r  that  drive 
the  attitude  parameter  differential  equa¬ 
tions.  For  a  general  torque-free  rigid 
space  vehicle  (the  only  type  considered 
here)  the  differential  equations  for  the 
body  angular  rate  components  are  (Ref. 

20)  i 


1  •  *u/l  * 

■  qrlly-J,! 

*  Ml!,,!  *  II2-' 

,P  ♦  lyi  - 

‘y.’ 

*  t',lW 

*  qn.y  *  ir’-p9! 

>».  - 

;r>  -  >yl^  ♦ 

V 

♦  prly,  *  Ip’-n.2' 

'■»  ' 

(28) 

where  the  I.  are  the  moments  of  lnsrtla 
about  the  rate  measurement  coordinate 
system  axes  and  the  are  the  corres¬ 
ponding  products  of  inertia.  It  is  clear 
that  these  equations  can  be  written  as 
the  following  quadratic  first-order 
vector  nonlinear  differential  equation! 


(25) 


*0 


P<2 

qr 

pr 

_2 


(24) 


These  equations  can  also  be  written  as 

i  •  a  l>  u«) 

where  l  io  the  3x3  direction  cosine  matrix 
and 


where  1~  is  a  constant  3x(  matrix  which  is 
a  complicated,  but  constant,  algebraic 
function  of  the  moments  and  products  of 
inertia.  In  this  study,  attention  will 
be  foaused  on  the  simpler  principal  axis 
equations! 


0  r  -q 
-r  0  p 

q  -p  o 


(27) 


P  “  »1qr 

4  ■  a2pr 
t  -  a3pq 


(30) 
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where 


W'1* 


*a 

*3 


(Vix)/:y 


dx-iy)/i. 


(31) 


If  the  body  angular  rataa  are  measured 
about  a  non-principal  axis  coordinate 
system,  they  can  easily  be  transformed 
into  a  principal  axis  system  by  a  con¬ 
stant  3x3  matrix  transformation  and  the 
computations  can  take  place  in  that 
coordinate  frame,  so  there  is  no  loss  of 
generality  by  the  principal  axis  assump¬ 
tion.  If  external  or  attitude  control 
system  torques  are  to  ba  included  in  the 
dynamics,  they  must  be  modeled  and 
included  in  the  angular  rate  differential 
equations.  However,  this  is  beyond  the 
intended  scops  of  this  study  and  will 
not  be  included  here. 


This  oould  represent  a  short-term  attitude 
refarence  system,  or  a  periodically  up¬ 
dated  attitude  reference  system  during 
the  period  between  updates.  Suppose,  for 
purposes  of  illustration,  that  the  only 
error  component  in  the  output  of  the  gyro 
is  additive  Gaussian  white  nolae.  In 
this  case,  the  dynamical  system  is  given 
by 


Oj^tf 

0  1 

e  x  (t) 

m 

8  2  (t) 

*  m 

0  0 
m  m 

e3(t) 

a  •  ■ 

and  noisy  continuous  observations  are 
taken 


y  (t) 


[0 


1) 


_8j(t)_ 


+  V(t) 


-  h  e(t)  +  v (t) 


(33) 


It  is  well  known  (Raf.  17)  that  the 
solutions  of  the  principal  axis  angular 
rate  equations  are  elliptic  integrals 
of  the  second  kind.  'Then  two  of  the 
moments  of  insrtia  are  equal  (disk- 
shaped,  rod-shaped,  or  bodies  of  revolu¬ 
tion)  the  elliptic  integral  solutions 
deganerats  to  sinusoidal  solutions,  and 
when  all  three  momenta  of  inertia  are 
equal  (inertial  spheres)  the  differential 
equations  decouple,  with  constant  solu¬ 
tions.  However,  these  facts  are  irrele¬ 
vant  to  numerical  integration  mechanisa¬ 
tions  in  real  systems  and  are  of  no 
consequence  here. 


D.  State-Variable .  State-Measurement , 
and  Noise-Modeling  Considerations 


where  v(t)  is  a  scalar  sero-maan  whits 
Gaussian  noise  process  with 


E [v (t) v  (t)  ]  ■  a2i (t-r)  (34) 


is  the  attitude  and  B2  is  the  attitude 
rate  component  of  the  state  vector  8. 
Notice  that  the  attituda  dynamics  are 
modeled  as  those  of  a  constantly  rotating 
untorqued  vehicle. 

Normally  an  attitude  estimate  8,(t)  is 
derived  from  this  type  of  system  by  simply 
integrating  the  gyro  output  y(t).  In  this 
case,  it  can  be  shown  (Appendix  A)  that 
the  attituda  error  variance  diverges  as 


There  is  considerable  latitude  in  the 
selection  of  state  variables,  attitude 
refarence  dynamics,  and  component  noise 
models  for  systems  of  the  types  considered 
hare.  This  is  a  subject  which  can  have 
a  profound  impact  on  systnm  performance 
and  often  receives  far  too  little  atten¬ 
tion.  One  of  the  dangers  of  optimal  and 
suboptimal  estimation  is  that  the  affects 
on  system  performance  of  noise  and 
dynamice  modeling  errors  are  subtle,  hard 
to  evaluate,  and  sometimes  disastrous. 
Although  soma  work  has  bean  done  in  this 
area  for  linear  systems  (Ref.  21),  the 
impact  on  complex  systems  is  essentially 
an  open  question,  and  can  only  ba 
resolved  in  a  particular  situation  by 
considerable  simulation  work. 

Consider  a  simple  example >  namely,  a 
single-axis  attitude  rsference  system 
whose  only  sensor  is  a  rate  gyro,  operat¬ 
ing  on  a  single  axis,  untorqued  vehicle. 


E  Ct) -81  (t)  ]  2  -  E[61(0)-91f0)]2  +  c2t 

(33) 

In  other  words,  the  stsndard  deviation  of 
the  attitude  error  diverges  as  the  square 
root  of  time,  consider,  on  the  other 
hand,  a  mechanisation  based  on  the  Kalman- 
Bucy  continuous  time  linear  filter.  In 
this  case,  the. state  estimate  is  the  solu¬ 
tion  of 

d£(t)/dt  -  r  e(t)  +  k ( t ) [y(t)-H  £(t) ] 

(36) 

where  K(t)  -  P(t)  H1 (t)  c-2  (37) 

and 

dp(t)/dt  (38) 

-  F  P(t)  +  P(t)  T’  -  P(t)  H'c"2  H  Pit) 


9fc 


with  initial  conditions 

8(0)  -  E  [8  (0)  ]  -  8 
—  —  — o 


(39) 


c2p5, (0)t2 

P11 "  P11 +  T 


(46) 


+  p22 ( 0 )  t 


P(0)  <•  E{[6(0)-8(£»]  [8(0>-B(0)]'} 

•  (R8PD)  (40) 


Thus,  tha  behavior  of  the  attitude  error 
variance  for  tha  filtar  system  is  quits 
diffarant  from  that  of  tha  conventional 
system.  Tha  time  behavior  of  tha  two 
variances  ia  shown  in  Fig.  5. 


Than 

£<t) 

-  E{  [8(t)-8  (t)  n£(t)-l<t)] '}  (41) 


For  this  simple  case,  this  Riccati  aqua¬ 
tion,  although  nonlinear,  can  ba  solved 
analytically.  After  soma  tedium,  tha 
solution  ia 


■pn(t) 

pi2(t) 

Pl2(t> 

where 


(42) 
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(t) 


'll 


(0) 


(43) 


(op,.  (0) 
+  . 


log 


cJp22(0)tj 


o2p22(0)t2  -  2c2p12(0)t  -p22 (0) t 


^12 ' 

+  P22(0)t 


Consider  tha  behavior  of  tha  filtar 
system  performance  in  tha  faoa  of  a 
dynamics  modal  error  such  as  a  small, 
unknown  torque  T  i 


61(t) 

Le2(t)_ 


'o  1 

81<t)' 

1 

O 

e2(t) 

(47) 


where  Ts  is  not  modeled  in  the  filtar. 

In  this  case,  tha  transient  behavior  of 
tha  estimate  error  is  no  longer  given  by 
tha  computed  covariance  matrix  and  is 
difficult  to  analyse  analytically.  How¬ 
ever,  the  steady-state  behavior  of  the 
error  can  be  evaluated  by  examining  tha 
steady-state  filter  gaim 


Fig.  5.  Attitude  Error  Variances 
v» .  Urns 


:2(P12 


p12(t>  - - J 
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♦  p22(0)t 
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o2P22!Q) 

*  P22  (0 ) t 
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(t) 

Pl2<t) 
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pJ2(t) 

(4fl) 


Consider  the  case  where  p,,(0)  -  0, 
i.a.,  that  the  initial  attitude  and  rate 
estimate  errors  are  uncorrelated.  This 
will  be  the  case  in  most  attitude  refer¬ 
ence  systems  since  attitude  initialisa¬ 
tion  and  rate  information  come  from 
completely  independent  sources.  Then  the 
attitude  error  variance  equation  reduces 
to 


Thus 

e_  ■ 


o  1 
0  0 


e 


Di« 

L®2« 


1“ 


e2*  +  (y(t)-B2j  -  y(t) 

e2«  +  v(t) ,  e2.  -  o 


(49) 


[y(t)-8  ]  or 


(58) 
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Therefore,  it  ia  claar  that 


which  ia  tha  same  steady-state  bahavior 
aa  tha  conventional  ayatam  and  tha 
"exact"  filtar  system.  Tha  tranaiant 
bahavior  certainly  can  ba  no  battar  than 
tha  "exact"  filtar  ayataa  and  for  typical 
valuaa  of  ayataa  paramatara  (area 11  modal 
arrora)  probably  liaa  aomawhara  batwaan 
tha  axaot  and  oonvantional  ayatam  per¬ 
formance  ourvaa.  However,  in  oartain 
inatancaa  it  could  ba  woraa  than  tha 
oonvantional  ayatam. 

An  important  point  ia  that  tha  oon¬ 
vantional  ayatam  machaniaation  amount! 
to  considering  that  tha  noiaa  la  driving 
tha  plant  rathar  than  lnfluancing  tha 
maaauramant.  In  thia  aaaa,  aftar  sapar- 
ating  out  the  parfactly  maaaurad  portion 
of  tha  ayatam,  tha  itata  aquation  ia  of 
the  form 


For  the  preaent,  gyro  uncartaintiaa 
will  ba  modeled  aa  normally  distributed 
atationary  white  noise  processes.  The 
question  of  gyro  biases  (constant  drift 
ratoa)  will  not  be  considered  here, 
although  it  is  an  easy  extension  of  what 
follows.  Essentially,  tha  unknown  biases 
become  components  of  the  augmented  state 
with  no  dynamics  or  diract 
measurements .  Thus,  biases  introduce  no 
additional  nonlinaaritiaa  into  the  system 
or  maaauramant  aquations  and  complicate 
estimation  only  in  the  sense  that  they 
increase  tha  dimension  Of  t'.ia  state. 
Tharefora,  sinoa  tha  main  emphasis  hare 
la  to  explore  tha  nonlinear  estimation 
aspects  of  attitude  refaranoa  systems, 
biases  will  ba  assumed  to  ba  taro  to  keep 
things  computationally  reasonable. 

Let  tha  state  of  tha  attitude  rafaranca 
system  ba  described  by  a  sufficient  sat 
of  attitude  parameters  and  the  three  body 
angular  rates.  The  stata  aquation  will 
ba  written  in  tha  form 


) 


aex  -  Fde1  ♦  Gw(t)  with  r 


0,  a  ■  1  and 


dx(t)/dt  -  F  [x  (t) ,  tl  (53) 


E(w(t)w(T)]  -  o (t-r)  (51) 

Then  tha  attitude  variance  is 

Fu;t)  -  PU(0)  +  A  (53) 


where  the  explicit  dependence  of  F  on  time 
is  to  indicate  that  in  tha  general  case 
tha  attitude  dynamics  could  include  known 
forcing  terms  (torques).  Attention  will 
be  cantered  on  Euler  angles,  Eular 
quaternion  parameters,  or  direction 
cosines  for  tha  ohoica  of  attitude  para¬ 
meters.  In  this  case, 


This  simple  fact  baoomas  vary  important 
for  systems  whara  rata  dynamics  era  not 
takan  into  aooount,  as  it  keeps  tha 
filter  gains  from  approaching  aero  whan 
attitude  measurements  are  Included  in 
the  system. 

Tha  point  of  this  oversimplified 
example  is  that  how  one  models  attitude 
reference  system  dynamics,  measurements , 
and  uncertainties  plays  just  as  important 
a  role  in  determining  tha  performance  of 
an  actual  system  as  does  the  skill  with 
which  one  applies  optimal  filtering 
theory.  Unfortunately  (or  fortunately, 
from  a  job  security  standpoint)  the 
modeling  question  is  one  which  has  no 
pat  answer,  and  can  be  resolved  in  an 
individual  case  only  by  extensive  analy¬ 
tical  and  simulation  studies.  Tha  ques¬ 
tion  of  modeling  will  not  be  broached 
here,  since  this  is  a  more  ganaral  study 
of  attitude  refaranee  systems.  Esther, 
plausible  models  will  be  assumed  for 
system,  measurement,  and  noise  phenomena, 
and  system  performance  will  ba  evaluated 
in  this  constrained  situation  with 
several  approaches  to  stata  variable 
estimation. 


x^  cos  (x3)  -  x5  sin  < x 3 ) 


r(x(t)  1  - 


We 

a2x4x6 

*3X4X5 


e  m 

1/2 (X<Xj+X2X7-XjX6) 
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where 


(59) 


*(t) 


H.tx.(t)]  +  v.(t) 

gT£;iEyr"^iy 


where  the  subscripts  A  and  R  refer  to 
attitude  and  rate  component*,  respectively . 
Since  the  attitude  and  rate  components  of 
the  aaaauramant  are  uncorrelated,  F(t) 
ha*  the  fora 


V1  -  p 

xn+2  “  * 

v3  - r 


(55) 


R(t) 


R,  (t)i 

ro__-u 


o 


(60) 


The  l ,,  1  -  1,  n  ere  the  generalised 
attitude  parameter*.  The  problem  will  be 
formulated  ao  that  continuoua  and  dis- 
creta  attitude  and/or  rate  observation* 
can  be  accommodated .  The  filter  will  be 
derived  eo  that  the  conditional  mean  and 
covariance  differential  equations  evolve 
including  the  effect*  of  the  continuoua 
measurements ,  end  the  effects  of  the 
discrete  measurements  are  taken  into 
account  by  a  eaparate  calculation  at  the 
measurement  times.  Consider  only  con¬ 
tinuous  nonlinear  measurements  of  the 
form 


£<t)  -  H[x(t)  ,t]  ♦  V it)  (57) 

where  v(t)  is  a  taro-mean  continuous 
white  Stusalan  noise  process  with 


(58) 

E(v(t)v'(T))  -  R(t) 4 (t-T) ,  R  ie  RSPD 


Since  in  practically  any  attitude 
referenoa  system  the  observations  of 
attitude  and  rate  are  performed  by 
sensors  that  are  separate  physioal  en¬ 
tities  with  little  in  common  (with  the 
possible  exception  of  a  common  power 
supply) ,  it  is  a  vary  reasonable  assump¬ 
tion  that  the  attitude  and  rate  measure¬ 
ment  errors  are  uncorralatad.  This 
permits  a  convenient  partitioning  of  the 
measurement  process  and  noise  variance 
matrices i 


ao  that  R(t)  is  invertible  as 


R-1tt) 


(61) 


This  fact  will  be  very  useful  in  the 
sequel,  sinoe  terms  like 


(E[ aM (x, t) ] ) 1  R  -1(t)  (Elb^(t)]} 


can  be  separated  into  the  two  terms 

(EteH^lx^it)  1 } '  R^"3,  (t)  {Z  [by^ (t) )  } 

♦  {E  [oHR(xR,  t)  ]  >  '  R”1  (t)  (E|b£R(t)  1  ) 


This  fact  will  permit  separation  cf  the 
terms  involving  attitude  and  rate  measure¬ 
ments  in  the  filter  equations  and  easy 
avalustion  of  the  individual  contributions 
of  these  measurements. 

Consider  now  the  impact  of  the  choice 
of  the  attitude  parameter  set  on  the  ease 
of  mechanisation  of  the  nonlinear  estimator. 
The  Euler  angle  differential  equations 
given  earlier  have  terms  on  the  right 
hand  aids  like 


x5  tan  (x^)  cos  (Xj) 

Therefore,  the  mechanisation  of  the  non¬ 
linear  estimator  leads  to  terms  like 

E [x j  tan  (x^)  cos  (x 3 } ]  > 

m  m  m 

f  f  f  * 5  t,n  oos  (x3) 


■y»(t)'|  -PM(x.  ,x,,x,,t)  dx.  dx-  dx,  (62) 

,(t»  -[»Wj 
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where  PM(x. ,xvx_ ,t)  ia  the  marginal 
conditional  probability  density 


P(x1,x3,x5,t)  dx^  dx3  dx5 
■  P  [(X1(X3,XS)  C  (Xj+dX^Xj+dXj^j+dXj)) 
*(s),  0<s<t]  (63) 


If  tha  assumption  is  made  that  tha  total 
conditional  probability  density* P (x,t) , 
is  aaussian  with  msan  m  and  covariance 
I*  than  it  follows  from  fundamental 
probability  theory  that  PM (x, ,x. ,x. , t) 


ii  Gaussian  with  snaa n  2nd  cotfaria 


E^,  whara 


Canes 


Sm  " 


and 


h 


£liri3ri5 

:3ir33E3S 

E51I53r!!. 


(64) 


(65) 


However,  even  with  this  simplifying 
Gaussian  assumption,  the  evaluation  of 
three  dimensional  aaussian  integrals 
involving  products  of  trigonometric 
functions  of  the  dependent  variables  is 
a  formidable  task.  The  implementation  of 
a  real  time  estimator  which  must  evaluate 
many  of  these  integrals  numerically  at 
each  integration  step  would  probably 
require  a  7094  in  orbit  as  part  of  the 
system  (or  some  third  generation  counter¬ 
part)  . 

Consider  now  an  attitude  reference 
system  based  on  the  Euler  quaternion 
parameters.  The  quaternion  differential 
equations  have  terms  on  the  right  hand 
side  like  x.x.,  which  lead  to  terms  in 
the  estimator9equations  like 


E(x4x5) 

•  on 

■/  /  x4x5  P(x4,Xj,t)  dx4dXj  (66) 


Now,  even  without  any  assumption  on  the 
nature  of  marginal  conditional  probability 
density,  this  can  be  written  as 


whare  £465,  and  P45  are  given  by  the 
solutions  of  the  estimator  equations. 

Thus,  multidimensional  numerical  integra¬ 
tions  can  be  dispensed  with  entirely  in 
this  case,  which  is  a  great  advantage. 

The  implementation  of  the  direction  cosine 
parameters  results  in  this  same  type  of 
quadratic  nonlinearity  and  attendant 
simplification  of  tha  estimator  aquationa. 
Therefore  it  would  appear  that  quaterniona 
are  preferable  to  direction  cosinea,  since 
they  lead  to  lower  dimensional  state  and 
covariance  aquations.  However,  this 
apparent  advantage  can  often  be  more  than 
cancelled  by  the  computational  advantagea 
direction  cosines  offer  when  observations 
are  taken  into  account. 

As  an  example  of  the  rolo  that  obser¬ 
vations  play  in  determining  the  structure 
of  the  attitude  estimator,  conaider  a 
system  where  the  state  variables  are  tha 
four  Euler  quaternion  parameters  and 
three  body  angular  rates,  with  the  contin¬ 
uous  observations  consisting  of  attitude 
measurements  of  one  inartially-f ixad 
vector  and  rata  measurements  from  three 
orthogonal  rats  gyros.  The  observation 
of  the  inertial  vector  could  reprasant  a 
star  tracker  tracking  a  known  star  for  a 
period  of  time,  for  example.  Then 


*(t) 


where 


^(tr 


*A(t>  “  »A[*A(t)  1  +  *Alt) 

with 

Wt)!  -  *1 


(68) 


(69) 


(70) 


and 

nR<t)  -  nRCxRct) ]  +vRtt) 


with 


HRjxR(tn 


(71) 


(72' 


VT  is  a  known  inertial  vector  and  V. ( t ) 
and  Vj,  ( t)  are  assumed  to  be  continuous 
ssro-mean  whits  Gaussian  noise  processes 
with  constant  covariance  matrices  and 
Fp,  respect.vely ,  and 
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1  30 


f <X4X5 )  “  *4ft5  +  P 


(67) 


,a  .  .J  .  .  ,i 

*1  *J  "4 

JiXjXj  -  x.x,l 
J(XjX4  •  x;»3: 


"i"4'  ‘"a"*  " 

.a  _i  _a  .  „) 


J  *  «J  *  *1  J(«J«4  *  "iV 
Jl«)*4  -  Vi1  *!**!•  "a  •  '\ 
(73) 

Applying  the  formulas  given  previously 
for  the  optimal  nonlinear  estimator 
yialda  aquationa  for  propagating  tha 
atata  estimate,  where  ona  of  thw  typical 
componant  aquations  ia 


d.j/at . 
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(75) 


So  E(Hftl)  involvaa  tarma  lika 

E (2x -  2VI2 (X2X3+P23 > 
and  E(*  ha1>  involvaa  tarma  lika 

AAA 

L!  ( 2 x ^ x 2 x jV j  j )  m 

+  X1P23+X2P13+X3P12+P123! 

Ona  of  tha  49  raaulting  aquationa  for 
propagating  tha  aecond  momsnt  la 


X(X,«jMm>  - 


,«i'?i 

/ 

.  1 
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4 

[*■». 

-ii^ ;«3NAii  -  4  ?:?aIlMAil 
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(78) 

So  tarma  lika  E(F.x2)  laad  to  tarma  lika 

A  A  A 

E  (1/2XjX^Xj)  -  1/2 (x j 

^2p45+i4p25ti5p24tp245) 


and  tarma  lika  E[x,x,H,,) 
lika  1  1  Ai 


laad  to  tarma 


E (2x1x2x3VI1)  -  2 (x1x2x3+x1p223+2x2p123 

+X3P122+2X1X2P23+X2P13 

+xlx3p22+2x2x3p12+p12  23>  VU 

(80) 

Tha  uaa  of  tha  rata  and  attituda  decom- 
poaition  mantionad  aarliar  la  apparant  in 
tha  abova  aquations. 

Whan  direction  coainaa  ara  uaad  aa 
atata  variables,  tha  same  form. arises  for 
tha  mean  and  second  moment  equations,  but 
the  expected  value  expansions  ara  much 
less  aomplex  since  in  this  case  ia 
linear  in  tha  atata  instead  of  quadratic. 
Also,  tha  highest  order  moments  appearing 
ara  third  moments,  whereas  with  quaternions 
fourth  moments  appear  in  tha  saoond  moment 
differential  aquationa. 

Thera  ara  a  number  of  other  types  of 
attituda  measurements  besides  observa¬ 
tions  of  inertial  vectors  which  ara 
utilised  in  typical  attituda  refaranoa 
systems.  For  instance,  if  the  attituda 
sensor  has  photosensitive  slits  across 
which  stars  transit,  than  tha  observation 
aquation  dascribaa  the  fact  that  tha  dot 
product  between  tha  star  vector  and  tha 
normal  to  tha  allt  plana  vanishaa. 
Darivation  of  tha  estimator  aquations  in 
this  and  other  typical  cases  follows 
along  tha  lines  indicated  abova  for 
inertial  vectors,  and  no  new  difficulties 
era  encountered. 


E .  computat.i  nal  Considerations 

In  tha  previous  section  Euler  angles 
wars  shown  to  laad  to  a  computationally 
infeasible  nonlinear  aatimator,  and 
quaternion  parameters  and  diraction 
cosines  yielded  aquations  which  had  soma 
hops  of  biing  implemented  in  real  time. 
Quaternions  lad  to  a  state  of  dimension 
seven,  whereas  diraction  cosines  lad  to 
a  state  of  dimension  twelve.  Now,  certain 
assumptions  will  be  made  on  tha  nature  of 
the  shape  of  the  conditional  probability 
density  so  thst  tha  mean  and  aacond 
moment  equations  yield  "sufficient  statis¬ 
tics"  to  do  estimation.  In  tha  case  of 
direction  cosines,  wa  will  juat  have  to 
assume  that  tha  conditional  density  is 
symmetric,  whereas  in  tha  case  of 
quaternions  we  will  have  to  make  the 
stronger  assumption  of  normality.  In 
other  words,  (see  also  Xushnsr  (Ref.  1$)), 


.  o  I 


(79) 


Direction  Cosines t  P 


i  ^MV  m  0  (82) 

Quaternion  Parameters t  J  J 

lpijkl  “  pijpkl 
+  pikpjl 
+  pilpjk 

The  equations  for  the  attitude  estimator, 
examples  of  which  were  given  in  the 
previous  section,  can  be  simplified  and 
judiciously  manipulated  by  the  applica¬ 
tion  of  a  number  of  useful  identities 
that  exist  between  expectations  of  pro¬ 
ducts  of  variables,  and  sums  and  pro¬ 
ducts  of  momenta  of  these  variables. 

Some  of  the  more  useful  of  these  identi¬ 
ties  are  given  in  Appendix  B. 

Alao,  due  to  the  fact  that  the 
covariance  matrix  initial  condition  ia 
symmetric  and  the  covariance  differential 
equations  are  symmetric,  p±j  -  pl4  and 
only  the  diagonal  elements  and  on*  of  the 
sets  of  atrictly  triangular  elements  need 
be  solved.  Thus,  the  mean  and  covariance 
solutiona  lead  to  33  equationa  in  the 
oaaa  of  quaternions  and  80  equations  in 
the  case  of  direction  cosines . 

For  the  present  discussion,  it  will 
be  assumed  that  JR  ia  a  diagonal 'matrix , 
i.e.,  that  all  sensor  errors  are  unoor- 
related.  Again,  thia  is  a  reasonable 
assumption  for  random-type  errors  in 
isolated  inertial  components.  (Anyway, 
in  practice,  correlation  data  are  impos¬ 
sible  to  obtain  from  hardware  paopla). 

within  the  aonstrainta  of  all  the 
qualif icatione  listed  above,  a  computa¬ 
tional  count  was  performed  to  determine 
the  number  of  operations  necessary  to 
evaluate  the  right-hand  aidea  of  the 
estimation  aquations  at  aach  integration 
point.  The  results  are  summarised  in 
Table  1  for  the  two  formulations  consid¬ 
ered. 


lightened  by  more  than  70t.  Thus,  the 
"curse  of  dimensionality"  of  Bellman  is 
not  a  global  phenomenon.  The  reason  for 
the  simplification  due  to  direction 
cosines  is,  of  course,  due  to  the  fact 
that  the  attitude  observations  are  linear 
in  the  state  variables,  instead  of 
quadratically  nonlinear.  Thia  means  that 
the  highest  moments  found  in  the  direction 
cosine  differential  equations  are  third 
moments,  which  are  ignored,  whereas  the 
quaternion  equationa  include  fourth 
moments,  which  are  approximated  as  sums 
of  products  of  second  momenta. 

It  is  emphasised  that  the  foregoing 
computational  estimates  are  conservative, 
in  that  only  the  most  obvious  eoranon 
terms  between  equations  were  computed 
once  and  stored.  With  judicious  attention 
to  commonality,  the  numbers  cited  above 
could  be  reduced  at  least  by  301.  There¬ 
fore,  these  computatl onal  estimates  should 
be  regarded  as  minimum  mamory  estimates, 
and  not  maximum  speed  estimates. 


III.  SIMULATION  BTUDY 
A.  Rate  Estimation  Mechanisation 

It  was  desirable  to  first  evaluate 
the  performance  of  the  foregoing  types  of 
filters  without  having  to  atudy  the  com¬ 
plete  attitude  reference  estimator. 
Therefore,  a  problem  with  similar  dynam¬ 
ical  and  observational  behavior  of  lower 
dimension  was  studied,  namely  the  esti¬ 
mation  of  body  angular  rates  in  the  presence 
of  noisy  continuous  observations.  This 
problem  has  been  studied  with  different 
approaches  to  estimation  by  Detchmendy 
and  Bridhar  (Ref.  22)  and  Athans  and  Tae 
at  HIT.  This  problem  has  identical 
characteristics  to  the  complete  direction 
cosine  formulation  given  earlier,  a.g., 
quadratically  nonlinear  state  and  linear 
measurements . 

Briefly,  the  problem  is  to  estimate 
the  state  of  the  noise-driven  system 


Table  1.  Computational  Comparison 
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This  is  quite  an  aaasing  result.  By 
increasing  the  dimension  of  the  state  and 
the  number  of  differential  equations  from 
35  to  90,  the  computational  load  is 
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from  the  noisy  continuous  obaarvationa  y, 
of  ona  or  mora  of  tha  Xj.  corrupted  by 
additive  noiaa  cMV£(t).  Tha  w±  and  v, 
are  unit  variance  zero-mean  uncorralated 
Gauaaian  white  noiaa  processes,  and 

*<l£t0)-xollx(0)-ao],>  A  P<°)  -  Pjj  (85) 


It  will  be  assumed  that  all  three  momenta 
of  inartia  ara  unequal,  eo  that  quaationa 
of  atata  obaarvability  do  not  ariaa  immed¬ 
iately  whan  only  ona  anqular  rata  ia  ob- 
aervad.  In  thia  caaa,  tha  aatimator  which 
raaulta  from  applyinq  tha  methoda  out- 
linaa  in  tha  previoua  aaotion  ia 


dx^/dt  ■  c^lXjUIXjttl+Pjj] 

+  tyl(tl-il(t)]  (86) 


machaniaationa  waa  coded  in  FORTRAN  IV 
for  tha  7094.  Tha  true  angular  rata 
equationa  ara  obtained  from  a  fourth- 
order  Runge-Kutta  aolution,  with  a 
fixed  0.01-aecond  a  tap  aiza.  Tha  aati- 
mation  firat  and  aacond  order  statistics 
ara  obtained  from  a  rectangular  inte¬ 
gration,  alao  with  a  0. 01-aecond  atap 
aiaa.  All  of  tha  runa  ware  made  with 
tha  following  initial  conditioner  which 
are  aimilar  to  those  in  tha  Detohmendy- 
Sridhar  paper  (Ref.  22) i 


Xj,  (0)  ■  0.9  rad/aac 
x2 (0)  ■  0.5  rad/aac 
x3(0)  »  0.2  rad/aac 
Ix  -  K  alug/ft2 
I  -  2K  alug/ft2 
I  ■  4X  alug/ft2 


dXj/dt  ■  OjIx^tJXa  (t)+p13) 

+  — [yj_  (t)  -Xj_  (t)  ] 


(87) 


dXj/dt  ■  a3(x1 (t)Xj (t)+p12] 

Pl3 

T 


+  -T  Iy1(t)-xl(t) ] 


(88) 
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Tha  form  of  tha  equationa  whan  two  or 
three  components  of  rata  ara  maasurad  ia 
mora  complicated,  but  of  the  same  general 
form  and  will  not  ba  given  hare.  Tha 
aquations  are  similar  to  thoaa  given  by 
Datchmandy  and  Sridhar,  but  additional 
covariance  te.ma  ariaa  in  tha  right-hand 
aide  of  tha  maan  equationa  with  tha 
Bayesian  minimum  variance  approach. 

A  simulation  of  theae  rata  estimation 


Tha  othar  initial  conditions  for  tha 
estimator  aquations  ara  given  in  Table 
2.  Tha  assumed  and  aotual  values  of 
the  moments  of  inartia,  plant  noiaa, 
and  observation  noiaa  wars  tha  same  in 
all  oasaa,  l.a.  tha  effect  of  modeling 
errors  waa  not  studied .  Tha  rata 
estimation  filters  ware  studied  in 
situations  where  ona  and  three  state 
variables  ware  obaarvad  in  the  preaanoa 
of  noiaa.  Both  tha  Bayesian  minimum 
varianoa  moment-approximating  method 
and  tha  Detohmendy-Sridhar  invariant- 
imbedding  method  ware  simulated.  Whan 
only  ona  state  variable  waa  obaarvad, 
aoma  of  tha  eatimataa  converged  to  solu¬ 
tions  out  of  phaas  with  tha  true  aolution. 
This  behavior  cauaad  considerable  con¬ 
sternation  until  tha  following  fact  waa 
realised i  Rate  estimation  with  only  ona 
state  variable  observed  is  an  unobserv¬ 
able  problem,  even  if  tha  momenta  of 
inartia  ara  all  unaqual! 

In  general,  very  little  ia  known  about 
tha  observability  of  nonlinear  differen¬ 
tial  equationa.  Kowavar,  in  this  partic¬ 
ular  case,  it  can  ba  said  conclusively 
that  tha  ayatam  ia  unobaervabla,  i.a., 
that  ^(t)  for  0<t<T  dost  not  uniquely 
define  tha  state  x(t)  in  the  absence  of 
noiaa.  For  the  differential  equations 
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a^Xj (t)Xj (t) 
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let  the  true  solution  ba  given  by 


x(t) 


xj(t) 
x*  (t) 
x3(t) 


(91) 


Consider  tha  altarnata  solution  x** (t) 
givan  by 

xJMt)  -  xj(t) 

xJMt)  -  -xj(t)  (92) 

Xlj*  (t)  ■  -X3  (t) 


rathar  poor  thraa-axis  platform,  unlaas 
furthar  a-priori  information  was  avail¬ 
able  about  the  other  two  orthogonal 
angular  rates.  Therefore,  the  runs 
reported  in  Table  2  had  all  three  state 
variables  observed. 

Tha  estimation  results  for  two  selec¬ 
ted  oases  are  given  in  Figs.  6  and  7. 

In  plot  contains  the  true  and  estimated 
values  of  one  of  tha  three  angular  rates. 
(Only  one  is  shown  to  aonsorve  space.) 

Tha  time  histories  of  tha  true  rates  are 
marked  with  a  "plus*1  sign,  and  tha 
estimated  rates  are  marked  with  circles. 
Next  is  a  plot  showing  the  evolution  of 
the  diagonal  elements  of  the  covariance 
matrix.  The  three  time  histories  are 
marked  as  follows 


Now  x»*  (t)  clearly  satisfies  the  differ- 

ential  aquation,  and  yet  if  only  the  first  p..  -  0 

state  variable  is  observed  it  results  in 

exactly  the  same  observation  time  history  p,,  B  O 

as  x* (t) ,  since 


xJMt)  ■  xj(t)  (93) 


This  explains  the  curious  out-of-phase 
behavior  of  tha  aaoond  and  third  statr 
variables  in  some  of  tha  simulation  runs, 
since  tha  out-of-phase  solution  is  just 
as  likely  a  candidate  given  the  observa¬ 
tions  as  tha  in-phase  solution,  givan 
that  #5(0)  ■  #3(0)  -  0.  The  solution 
that  the  estimator  "ahootet"  is  simply  a 
funotion  of  the  random  observation  noise 
sequence.  Thus,  an  inertial  reference 
unit  with  only  one  gyro  would  make  a 


The  off-diagonal  elements  of  the  covar¬ 
iance  matrix  are  also  platted.  The 
coding  is 

*12  ‘  + 

*13  "O 

*23  -O 

Fig.  6  is  the  minimum  variance  moment- 
approximating  method.  The  case  shown 
here  it  with  larca  observation  noise,  to 
illuminate  the  differences  between  the 


Table 

2. 

Summary  of 

Rats  Estimation 

Runs 

Run 

NO. 

Xx  (0) 

Xj(0)  X3(0) 

Pii 

(0)  Plj(0) 

Method 

A 

A 

Three-Axis  Error 
(10  Run  Avarage) 

A 

.9 

0  0 

3 

1 

Moment- 

approx¬ 

imating 

0 

0.1 

0.233  rad/aec 

B 

.9 

0  0 

3 

1 

Invari¬ 
ant  im¬ 
bedding 

0 

0.1 

0.278  rad/aec 

C 

.9 

0  0 

3 

1 

Moment- 

approx¬ 

imating 

0 

1.0 

0.639  rad/tec 

D 

.9 

0  0 

3 

1 

Invari¬ 
ant  im¬ 
bedding 

0 

1.0 

Over  half  of  the 
rune  diverged 

performance  of  the  two  filtering  mathodi 
considered.  Tha  eatimata  ia  fairly  alow 
to  convarga  (cautioua) ,  but  it  ia  atable 
and  after  100  aaconda  ia  a  faithful 
replica  of  tha  true  atata.  Notice  alao 
that  the  covariance  matrix  a lament a  are 
fairly  smooth  and  wall-ba!  avad. 


Fig.  6a.  Simulation  Results  for 
Casa  C - 1 


an  i|  *ltf 


Fig.  6b.  Simulation  Raaults  for 
Casa  C- 1  (cont. ) 

Pig. 7  ahowa  tha  invariant-imbedding 
method  operating  under  tha  eame  condi- 
tiona  aa  tha  moment-approximating  method 
ahown  in  Fig.  6,  including  tha  aama 
paaudo-randcm  number  aaquenca  uaad  to 
derive  the  obaarvation  noiee.  Tha  in¬ 
variant-imbedding  method  aeema  to  ba  more 
eager  to  "jump  to  tha  wrong  concluaion." 
Alao,  the  eatimata  ahown  on  rig.  7  can 
ba  aaan  to  ba  diverging,  and  tha  co- 
variance  matrix  ia  going  negative 
definite  aa  indicated  by  the  negative 
valuea  of  the  diagonal  elementa.  Note 
that  the  modea  of  the  plant  dynamica  are 
much  more  dominant  in  the  covariance 
matrix  elementa  in  thia  caae. 


Fig.  6c.  Simulation  Results  for 
Casa  C-l  (cont. ) 


Admittedly,  the  large  valuea  of 
obaarved  rate  noiae  tend  to  make  thl a 
aomawhat  of  an  unraaliatic  example,  but 
it  doaa  give  a  good  compariaon  of  tha 
relative  performancea  of  the  two  approach 
aa  to  aetimation,  Notice  alio  that  tha 
aetimation  equations  derived  by  the 
invariant-imbedding  method  are  the  same 
aa  those  resulting  from  the  so-called 
extended  Kalman  filter  approach. 


•I  *». 

SI 


Fig.  7*.  Simulation  Results  for 
Cas*  D- 1 


B.  Autltude  Reference  Mechanisation 

Baaed  on  the  above  experience,  the 
complete  twelve  dimensional  direction 
coeine  attitude  reference  mechaniaation 
outlined  in  Section  2  wa»  eimulatad  for 
e  "gyrolesa"  eyetem.  This  i»  the  type 
of  eyetem  where  ocntinuoue  attitude 
reference  information  ia  neoaaatry  and 
only  diaorata  attituda  meaauremanta  ara 
available,  with  no  rate  information 
available  in  between  attitude  diecretee. 


aystam  operating  on  a  satellita  in  a  90 
minuta  orbit  whosa  primary  motion  ia  a 
pitch  motion  at  orbital  rata.  Howavar, 
tha  two  tranaveraa  rataa  raach  201  of  tha 
pitch  nominal  amplitude.  Two  six  degree 
f ield-of-viev  atrapdown  atar  aenaora 
Bweap  the  aky,  aeeing  down  to  +  3.0  viaual 
magnitude  atara  with  thraa  croaaad-alit 
dataotora  each. 


•  '♦llOH  CM*  ?|.  M« 


Fig.  8a.  Simulation  Result*  for 
Cass  18A 


■  l  II  H«C 


Fig.  8b.  Simulation  Raiulta  for 
Cut  18A  (cont.) 


Tha  unknown  torque  acting  on  tha 
apaoaoraft  oauaaa  a  white,  Oauaaian 
angular  aooalaration.  Tha  angular  accel¬ 
eration  spectral  denaity  ia  0.5  *  10"11 
rad'/aeoVHa.  (This  ia  unraaliatioally 
large  to  avoid  olaailf ioatton  problama  and 


provide  intereating  raaulta.)  Tha  atar 
aanaor  observation  nolaa  variance  ia 
0.25  »  10“6  rad2 ,  In  Pig.  8a,  tha  true 
attituda  error  6jg  ia  marked  with  a  "plus* 
aign  and  tha  standard  deviation  eauimate 
Is  la  marked  with  a  circle.  Tha  variance 
estimate  ia  seen  to  portray  quite  accur¬ 
ately  tha  behavior  characteristics  of  the 
actual  error.  The  three  angular  rate 
aaelaatea  are  shown  in  riga.  8b  to  8d, 
tracking  the  noisy  true  rates  aa  beat 
they  can  in  the  absence  of  gyro  data. 


■i  ti.  um 
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Fig.  8c.  Simulation  Raiulti  for 
Caia  18A  (cont.) 

at  il  ii« 

'.i 


r 

«.  u-  ..  aw  ..  ■■  *■  'V  wu  ■■  n 

Fig.  8d.  Simulation  Raaulta  for 
Cats  18A  (cont. ) 
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This  type  of  a  ayatam  ha*  bean  used  in 
tha  past  on  spin-stabiliaad  spacecraft 
with  alit  typa  star  sanaora  and/or  aun 
sensors . 


Ml  *1.  »l«  1 

•  * 

*1 


Fla.  7b.  Simulation  Rssults  for 
Ctia  D-l  (cont. ) 


Vi.  — nr 


F 1 g  .  7c.  Simulation  Results  for 
Casa  D-l  ( cont .  5 


Tha  equations  for  updating  tha  atata 
and  covarianca  matrix  at  observation  tima 
ara  simply  tha  Kalman  discrata  aquations, 
because  tha  obsarvationi  ara  linaar  in 
tha  atata  for  tha  dot  product  typa  of 
observation  occurring  with  slit  type 
detectors . 

Many  attitude  error  requirements 
specified  in  tha  last  few  years  ara  in 
terms  of  tha  so-called  thraa-axia  atti¬ 
tude  error.  That  is,  small  angular  error* 
about  almost  orthogonal  rotation  axes  in 
a  small  angle  Euler  sat  are  treated  aa 
vectors  and  added,  with  tha  accuraay 
requirement  placed  on  tha  vector  sum. 

Let  a  true  transformation  matrix  and  a 


transformation 
b*  denoted 

matrix  alightly 

in  arror 

,  i  -  1,  9] 

(94) 

t«e  *  pj 

,  i  -  1,  a] 

(95) 

raapactivaly . 

Then  it  can  b* 

shown  that 

tha  thrae-axis  attitude  error  9g  existing 
between  the  two  triads  mapped  Ey  these 
two  transformations  ia  given  by 


— E  "  [^1  ^4  +  ^2  ^5  +  ^3  ^6^ 

+  U1  ly  +  l2  lB  *  t3  l9)2 

A  A  A  fS  X/  l 

*  (f4  ly  *  fg  +  f6  f,)  J  <96> 

Also,  if  tha  elamanta  of  the  covariance 
matrix 

z  -  E[(VVurv]  ’  [pii]  (97) 

are  available,  than  it  is  possible  to 
derive  the  estimated  on*  sigma  thraa-axia 
attituda  arror  0_  .  Aftar  applying 
several  tranaf orfflation  matrix  identities, 
this  arror  estimate  can  ba  shown  to  ba 


Nonlinear  estimation  approximations 
ara  particularly  attractive  in  this  type 
of  system,  for  two  reasons i 

1.  A  nominal  attituda  history  darivad 
from  measured  rat a,  about  which 
one  can  linearise,  ia  not  avail¬ 
able. 

2.  Tha  approximate  nonlinear  aqua¬ 
tions  ara  almost  aa  easy  to  solva 
as  a  linear  filtering  solution, 
becauae  all  tarms  partaining  to 
continuous  observations  in  tha 
state  and  covarianca  equation* 
vanish. 


e£  ■  X^1_^l*Pll  +  ( l-f j) Pjj  +. . . (l-fglPjg 
-  i-^2P12  ~  *1*3P13  '  *2*2P23 
"  *4*5P45  “  *4*6P46  '  Z5/6P56 

I  1/2 

“  i‘/i8P7B  '  l7l9P79  "  *8*9P89 

J  (981 

Figure  8  ahowa  the  result*  of  tha  moment 
approximating  method  being  uaad  on  a 
aimulatad  gyroleas  attitude  rafarano* 
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IV.  CONCLUSIONS  AND  RECOMMENDATIONS 


An  unified  approach  to  the  formal 
mechanization  of  nonlinear  estimators  7. 

applicable  to  a  wide  clasr  of  spacecraft 
attitude  reference  systems  has  been 
presented.  In  any  given  spaceborne  situ¬ 
ation,  it  would  probably  be  undesired  to 
implement  the  full  detail  of  these  equa¬ 
tions,  particularly  the  covariance  matrix 
equations.  However,  if  one  wants  to  look  S. 
at  fixed  gain  mechanizations,  this  pro¬ 
vides  a  performance  level  against  which 
one  can  evaluate  performance.  If 
scheduled  gain  systems  are  to  be  considered, 
the  behavior  of  the  covariance  matrix 
elements  provides  insight  into  how  the  9, 

scheduling  should  be  implemented. 
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APPENDIX  A 

ATTITUDE  ERROR  DUE  TO 
UNCORRECTED  GYRO  DRIFT 

Precision  strapdown  gyro  attitude 
reference  systems  derive  attitude  by  inte¬ 
grating  the  torque  necessary  to  rebalance 
the  gyro  gimbal  angle  to  aero  over  the  time 
period  of  interest.  This  is  accomplished 
by  integrating  a  voltage  proportional  to 
the  torquer  current  in  an  analog  rebalanced 
gyro  or  by  counting  the  rebalance  pulses 
in  a  pulse  rebalanced  gyro.  The  error 
sources  for  attitude  reference  systems  of 
thiB  general  class  can  be  grouped  as  follows: 

(1)  Gyro  rata  measurement  error 

(2)  Integration  errors 

This  discusuion  is  limited  to  the 
effects  of  the  angular  rate  errors  inherent 
in  the  gyro-rebalance  loop  combination. 
Integration  errors,  which  involve  such 
things  as  integration  algorithm  truncation 
and  interval  length,  rebalance  pulse 
quantisation,  finite  word  length,  and 
initial  condition  errors,  are  discussed 
by  Morgan  (Ref.  Al! ,  Sullivan  (Rof.  A2) , 
and  others. 

Gyro  rats  errors  are  usually  modeled 
aa  some  linear  combination  of  constants, 
ramps,  disorste  frequency  sinusoids,  and 
weakly  self-stationary  random  processes.1 
The  main  justification  for  this  type  of 
model  is  that  its  properties  can  usually 
be  mada  to  agree  well  with  gyro  rate  errors 
mtasursd  in  the  laboratory.  The  phenomena 


causing  drift  in  piacision  floated  gyroa 
are  not  sufficiently  understood  at  present 
to  permit,  modeling  these  errors  as  func¬ 
tions  of  their  sources. 

The  effect  on  attitude  error  of 
deterministic  components  such  as  constants, 
ramps,  and  discrete  frequency  sinusoids  is 
straightforward.  Analysis  of  the  effects 
of  random  components  of  gyro  drift  usually 
begins  with  the  assumption  that  the  random 
process  is  stationary  and  ergodic.  If  the 
process  has  a  rational  power  spectral 
density,  it  may  be  shown  (Ref.  A3)  that 
the  autocorrelation  function  may  be  approx¬ 
imated  to  any  desired  accurscy  by  a  series 

n 

*xxtT>  “  ^  \  exp  (-Cjj  |  t  j, )  (A- 1 ) 


Often,  the  process  x(t)  can  be  repre¬ 
sented  sufficiently  by  tha  first  term  of 
this  series 

CXX(T)  5  32  exp (-c ! t | )  (A-2) 

2 

where  c  is  the  variance  of  the  observed 
process  and  c”  is  the  "fundamental"  time 
constant  of  the  autocorrelation  function 
of  tha  observed  process. 

On  a  single  axis  basis,  tha  angular 
error  in  tha  attitude  reference  system, 
y(T),  which  is  attributable  to  the  random 
process  rate  error  is  given 

T 

y  (T)  -  J  x  (t)  dt  (A-3 ) 

o 


The  intensity  of  the  attitude  error  after 
a  time  interval  T, 

E  ty 2  CT) J  -  y2  (T)  ,  (A-4 ) 

follows  from  the  theory  of  Brownian  motion 
(Ref.  A4)  for  particles  whose  velocities 
have  an  exponential  autocorrelation  func¬ 
tion.  Hammon  (Ref.  A5)  ,  and  later  McAl¬ 
lister  (Rof.  A6 )  and  Frolov  (Ref.  A7) , 
showed  that  for  the  gyro  case  the  drift 
angle  variance  has  the  form 


y  (T)  -  — —  [CT  +  exp  ( - cT )  -1]  ( A- 5 ) 


It  is  clear  that  for  times  long  with  respect 
to  ths  autocorrelation  function  time 
constant  c_1  that 


*ln  addition,  environmentally  induced  errors  (functions  of  vibration,  acceleration,  and 
tamperature)  and  dynamically  induced  errors  (s .g .,  rebalance  loop  frequency  response) 
are  present.  These  sources  are  not  considered  here. 
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~2 - 

y  (T) 


:  2c” :t 


for  T> >c 


-1 


(A-6) 


Examination  of  Eq.  (A-2)  shows  that  (A- 5 5 
may  also  be  written  as 


« 


for  T>>c" 

CA-7) 


showing  that  ths  long  period  variance  of 
the  integral  of  any  random  process  with  a 
rational  spectrum  is  equal  to  the  product 
of  time  and  the  area  under  the  autocorrela¬ 
tion  function  for  the  process.  It  may  also 
be  shown  that  this  relation  is  exact  for 
the  case  of  white  noise  at  the  input  to 
the  integrator. 


In  this  case 


*XX(T>  -  A2i(T) 


(A-  8 ) 


where 


4  <T) 


and 


«  when  t  ■  0 
0  when  t  r1  0 


<  A—  9 ) 


oc 

/ 


Mr)  dr  -  1 


( A- 10 ) 


Mammon  (Ref.  A5)  shows  that  (A-5)  may  be 
written  as 


y2  (T) 


2  A 


lim  f  (r-Iijexpf-TjjdT! 


(A— 15} 


where 


T1 


ar 


(A— 16) 


(A- 1 5 )  than  reduces  to 


y  (T) 


2k* 

* F 

Ihl 

F 


T  exp  (-t2 )  drx 

■ 


a2t 


(A— 1 7 ) 


which  again  verifies  (A-7) .  In  this  case, 
however,  the  relation  is  exact  for  all  T, 


Relation  (A-7)  can  be  stated  in  a  more 
useful  form  by  considering  the  power 
spectral  density  of  the  exponentially 
correlated  process  x(t). 


a  (u) 

XX  '  1 


H  /  exx(:)  ,xpMut)  dT 

—  CD 

2c2c  ( A  —  1 B ) 

2-(c2-J) 


Note  that 


T 


«(T)  dr 


< A- 11 ) 


Let  the  autocorrelation  function  be  re¬ 
written  in  terms  of  the  Gaussian  pulse 
function  (see  Davenport  and  Root  (Ref.  A9)) 


so  that  Eq.  (A-6)  may  be  written  as 
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where 
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so  that 


y2  (T)  -  2A2 


lim  -  exp (-a2!2)  dr 


a-'s/’" 


<  A— 14) 


In  other  words,  the  long  period  variance  of 
the  integral  of  an  exponentially  correlated 
random  process  is  proportional  to  the 
product  of  the  power  spectral  density  at 
sero  frequency  ard  time.  This  result  is 
also  derived  by  Newton  (Ref.  AS)  in  a  more 
rigorouo  manner  oy  contour  integration 
methods.  Relation  (A- 1 9 )  also  holds  for 
any  random  process  with  a  rational  spectrum, 
since  in  this  case  the  autocorrelation 
function  can  be  represented  as  a  sum  of 
exponential  autocorrelation  functions,  thi 
Fourier  transform  of  which  (spectral  density) 
is  equal  to  the  sum  of  the  Fourier  trans¬ 
forms  of  the  individual  elements. 


Reversing  the  order  of  integration  and 
limiting,  and  changing  variables  yields 
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ABSTRACT 

Tha  uaa  of  glmballed  and  atrappad-down  star  trackara  for 
apacacraft  attituda  determination  la  a  wall  developed  tacbnology, 
but  it  praauppoiaa  aoma  raatrictad  dagraa  of  knowladga  about 
tha  atar  poaltlona  and  uaually  raqulraa  a  apeclal  maneuver  to 
obtain  a  favorable  vehicle  attituda,  Tha  paper  conaldara  tha 
general  problem  of  aelf-contalned  attituda  determination  in  thraa 
axea  without  a  priori  knowledge  of  tha  atar  poaltlon-vehlcla 
attitude  reiatlonahlp  and  without  tha  need  for  any  apeclal  manauvera, 
Two  approachea  are  dlacuaaadi  Tha  firat  approach  concerne  a 
aearch  for  a  elmple  and  unique  atar  pattern  and  an  optimum 
lnatrumant  geometry  baaed  upon  tha  actual  angular  dletrlbutlon  of 
tha  atara,  The  aacond  approach  concerne  the  adaption  of  holography 
to  tha  problem  of  a  recognition  of  a  atar  field  for  attituda  determina¬ 
tion, 


I,  INTRODUCTION 


One  of  the  quantitlea  required  by  a  apace- 
craft  for  guidance  la  lta  attitude.  Among  the 
eeveral  methoda  now  employed  for  inertial  atti¬ 
tude  determination  (horizon  aanaing,  gravity 
gradient  etc. ),  inertial  gyroacope  packagea  aug¬ 
mented  by  atar  tracking  provide  tha  moat  accur¬ 
ate  and  veraatile  approach,  The  information  for 
determining  inertial  attitude  la  available  in 
atellar  poaltlona,  and  only  recently  have  efforte 
been  made  to  utilize  it  beyond  tracking  of  known 
atara.  Varioua  attempt*  have  been  made  in  the 
direction  of  fuller  utilization  of  the  atellar  info¬ 
rmation  by  development  of  itar  mapper*, 

At  leaat  for  thi*  diacuaalon,  a  vary  clear 


diatlnctlon  ia  mad*  between  atar  trackera  and 
atar  mappera,  aa  ahown  in  Fig.  1.  The  atar 
tracker  or  monitor  muat  have  attitude  informa¬ 
tion  efficiently  accurate  to  point  at  a  atar  ao 
that  thu  atar  falle  within  lta  fidld  of  view,  The 
atar  mapper'  a  primary  function  la  atar  identif¬ 
ication,  and  it  needa  no  a  priori  attitude  inform¬ 
ation.  It  ia  well  recognised  that  the  area  of 
technology  between  thee*  extreme*  la  well  popu¬ 
lated  with  miaaion  oriented  dealgna  and  dealgna 
geared  to  apeciflc  lnatrumentation  configura¬ 
tion*.  Under  consideration  in  thia  paper  1*  the 
general  problem  of  aelf- contained  attitude  deter¬ 
mination  in  three  axes  without  a  priori  knowledge 
of  the  atar  position-vehicle  attitude 
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Fig.  1,  Definition  of  S*ar  Tracking  and 
Star  Mapping. 


ralaclonahlp  and  without  tha  need  for  any  apacial 
manauvara,  Two  approachaa  will  ba  comldared. 
Tha  flrat  approach  uaaa  atar  catalog  information 
for  determination  of  a  uniquely  identifiable  itar 
pattern  which  la  available  In  all  attitude  a  of 
pointing.  Minimal  datactor  parameter!  are 
aaeumed  from  known  itate  of  tha  art  hardware. 
The  eacond  approach  concerna  tha  adaptation  of 
holography  to  the  problem  of  recognition  of  atar 
fields .  Tha  primary  objective  ia  a  device  which 
ia  completely  autonomoue  and  which  will  provide 
throe-axle  attitude  reference  information  ueing 
but  a  tingle  device  eampllng  a  tingle  atar  field. 
The  atar  petition  data  will  be  proeeeeed  at  the 
apeed  of  light  without  a  computer. 

II.  HISTORY 

Autonomoua  apace  navigation  haa  been  a 
detlrable  goal  for  a  long  time,  and  mlecellsn- 
eoue  approachaa  of  atablllaed  attitude  eenalr.g, 
augmented  by  the  uae  of  star  trackere,  have 
been  considered.  There  haa  been  a  continual 
evolution  of  devices,  using  stellar  information 
for  tha  purpose  of  vehicle  attitude  <x  position 
determination,  The  classical  atar  trackers 
have  been  plagued  by  gimbal  readout  uncertain¬ 
ties  and  other  accuracy  limiting  phenomena 
(Ref.  1)  as  wall  as  the  power  required  to  articu¬ 
late  gimbals  and  activate  the  readout  logic, 

At  first  attempts  were  made  to  use  star 
tracksrs  as  area  scanners,  and  in  tome  cases 
speed  of  response  was  too  low,  while  in  all 
cases  at  least  two  gimbals  wsre  used.  Several 
approaches  to  reduce  the  number  of  glmbale 
were  considered  (Ref,  2)  and  some  of  those 
were  evolved  into  star  mapping  schemes  in 


their  next  step  of  development,  However,  mov¬ 
ing  parts  were  still  needed  to  generate  informa¬ 
tion  in  two  coordinates  (Refs.  3  and  i),  Some 
elimination  of  the  moving  parts  is  possible  if  the 
vehicle  motion  is  periodic  and  it  sufficiently 
stable  (Refs,  5  and  6),  In  all  these  cates,  the 
pointing  direction  of  the  instrument  coordinates 
must  be  known  at  leaat  in  one  direction.  This 
requirement  destroys  the  attainment  of  complete 
autonomy. 

The  state  of  the  art  stallar  sensors  of  today 
have  tha  above  described  limitations.  The  inves¬ 
tigations  reported  below  take  the  final  step  to 
arrive  at  a  completely  autonomous  star  mapper 
for  stellar  inertial  attitude  dotermlnatton  without 
any  a  priori  pointing  information  of  the  mapper, 

HI.  FIRST  APPROACH 
A,  Deacrlption  of  the  Problem 


Men  have  used  star  patterns  for  visual  iden¬ 
tification  of  stars  for  centuries,  However,  it  is 
difficult  to  achieve  automated  instrumentation  on 
the  same  level  of  sophistication  as  the  decision 
processes  found  Inman.  It  is  desirable  there¬ 
fore  to  find  ways  for  simplifying  the  identification 
problem,  so  that  it  becomes  a  feasible  task  for 
state  of  the  art  instrumentation. 

The  problem  at  hand  consists  of  three  partti 

a.  Find  the  type  of  pattern  into  which  real 
ataro  can  be  arranged  uniquely. 

b.  Determine  its  availability  in  all  attitudes 
of  pointing  on  the  celestial  sphere. 

c.  Prove  with  a  simulation  program  that 
the  pattern  car.  be  used  for  identification 
of  the  stars  chat  it  contains. 

B,  The  Choice  of  an  Identifiable  Star  Pattern 

The  basic  criterion  for  identifying  star  patt¬ 
erns,  and  consequently  individual  stars  making  up 
the  star  pattern,  was  that  star  position  only  would 
be  used  for  identification  purposes,  It  was  well 
recognised  that  there  are  other  properties  of  stare 
which  may  diffsr  sufficiently  from  star  to  atar  and 
thus  aid  in  identification,  Besides  star  position, 
the  applicability  of  the  etar  magnitude  and  spec¬ 
tral  energy  content  to  the  problem  on  hand  will  be 
discusted, 

Star  Magnitude 

Star  magnitude  is  a  complex  quantity  since  it 
depends  upon  the  net  energy  sensed  by  a  particular 
detection  system  from  a  particular  star,  Its  use 
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f  or  Identification  imposes  an  accurate  calibration 
requirement  on  the  detection  system,  Calibra¬ 
tion  of  radiometric  eeniore  in  practical  maia- 
produced  detection  eyatemi  la  poaalble  to  an 
abeolute  accuracy  of  107c  to  20%.  Beaidea  initial 
calibration,  the  etabllity  of  the  entire  detector 
ayetem  with  time  and  environment  will  bo  a  pot¬ 
ential  degrading  factor  on  the  detector  ayetem 
performance.  Interference  from  a  bright  aource 
often  reeulta  in  a  falae  atar  detection  in  the  det¬ 
ector  ayatem  and  dlacrlmlnation  by  magnitude 
alone  la  not  at  all  poaalble  in  thia  oaae,  Thu* 
there  la  a  whole  group  of  atara  which,  according 
to  their  magnitude,  fall  Into  thii  region  and  there¬ 
fore  no  unique  determination  of  the  atar  identity 
la  poaalble.  Finally,  there  la  conaldarable  un¬ 
certainty  about  the  actual  apectral  content  of  atar 
radiation  outalde  the  earth*  a  atmoaphare,  The 
preaent-day  knowladge  of  atar  radiation  apectral 
content  la  reatrlcted  to  the  atmoapharlc  window 
regiona  and  haa  baraly  bean  axplorad  evan  In 
thla  limited  region.  Thia  would  reatrlct  tha 
magnitude  identifying  aenaor  reaponae  to  the 
atmoapharlc  window  regiona  even  for  operation 
outalde  tha  atmoaphare. 


aectral  Energy  Content  of  Stare 


Another  atar  identification  achame  (Ref,  7) 
lnvolvea  tha  uae  of  the  apectral  energy  content  of 
tha  atara.  Energy  from  a  atar  la  maaaured  in 
aaveral  wavelength  regiona  and  tha  lntenaltlea  in 
each  region  for  a  given  atar  are  uaad  aa  the  Iden¬ 
tification  property.  The  greateat  potential  prob¬ 
lem  here  li  the  baalc  Incompatibility  of  detector 
aenaltlvitlea  and  atar  energy  availability.  There¬ 
fore,  Independent  apectral  meaaurementa  over 
reatrlcted  wavelength  regiona  require  proportion¬ 
ally  more  time  to  complete  the  meaaqrementa  or 
need  phyalcally  larger  detector  ayatema.  Stara 
muat  be  detected  in  an  operational  altuatlon 
during  a  finite  time  period.  The  maximum  allow¬ 
able  time  period  ia  very  often  related  to  the 
libratlon  ratea  and  the  libratlon  amplitudea  of  the 
baaa  from  which  meaaurementa  era  made.  In 
order  to  overcome  the  effecta  of  high  libratlon 
ratea,  tightly  controlled  atabllleatlon  can  be 
employed  in  aome  catea,  but  thia  requirea  aux¬ 
iliary  attitude  aenaing,  and  aomewhat  deflee  tha 
purpoae  of  the  atar  mapper  altogether,  The  lna- 
trumentation  haa  the  aame  problema  with  calibra¬ 
tion  and  atablllty  aa  the  problema  Inherent  in  the 
ayatema  ualng  only  magnitude,  If  there  were  a 
radical  Improvement  in  the  available  energy 
(auch  aa  might  be  found  after  more  meaaurementa 
above  the  atmoaphere)  and  a  major  improvement 
in  detectora,  the  apectral  identification  method 
may  be  usable,  from  inatrumentatlon  viewpoint, 
but  reaulta  appear  to  remain  plagued  with  ambig- 
ultlee  becauae  of  radiometric  calibration  diffi¬ 
culties  very  much  like  mappera  ualng  the  atar 


magnitude. 

Star  Poaltiona 

The  atar  poaltiona  are  recorded  In  a  atar 
catalog  more  accurately  than  are  the  atar  mag¬ 
nitude  and  the  apectral  type,  becauae  aatrometry 
in  angular  meaaurementa  la  more  advanced  than 
in  radiation  meaaurement.  Thia  unlqueneaa  ia 
due  to  a  relatively  high  accuracy  of  poaltlon 
meaiurement.  Even  If  the  atar  poaltlon  la  meae- 
ured  to  an  accuracy  of  only  one  arc  minute,  the 
abeolute  accuracy  on  a  360°  circle  ia  0,  00464%. 
Thia  ahowe  the  potential  of  the  angle  criterion  for 
identification,  In  contraat  to  the  poaelbilltlee  of 
tha  magnitude  dlacrlmlnation,  Other  factor*  of 
concern  are  the  atablllty  of  the  calibration  for 
angle  meaiurement  and  the  angular  distribution 
of  the  atari. 

Tne  angular  stability  of  star  position  meas¬ 
urement!  in  a  etrapped-down  ayetem  is  dependent 
upon  the  proper  thermal  and  atructural  design  of 
the  instrument,  Thia  ia  one  of  the  factors  which 
is  moet  often  overlooked  in  instrument  daeignet 
the  radiometry  and  electrical  ahialding  problema 
often  overshadow  in  emphaela  the  most  element¬ 
ary  itructure  and  thermal  daalgn  requirement*, 
With  appropriate  care  the  Influence  of  thermal 
and  force  loadi  upon  the  itructure  ihould  not  con¬ 
tribute  to  the  meaiurement  eyetem  lnaccuraciei 
In  excels  of  the  above  0.00464%. 

A  distinction  ihould  be  made  here  between 
detector  stability  in  affecting  the  star  measure- 
msnta  for  pattsrr.  identification,  and  the  lnaccur¬ 
aciei  between  mapper  coordinates  and  the  opera¬ 
tional  aupport  vehicle  coordinate!.  Only  the  in¬ 
accuracies  affecting  the  identification  of  atara  in 
a  pattarn  are  of  interest  in  the  current  study, 
since  the  accuracy  problems  affecting  coordinate 
relationships  have  been  adequately  analyzed  for 
atar  trackere, 

Choice  of  at  Identifiable  Star  Pattern 

The  method  used  here  find*  the  atallar  co¬ 
ordinates  of  the  individual  atari  in  the  group  by 
identifying  the  stare  by  their  numbers  and  refer¬ 
ring  to  the  etar  catalog,  The  problem  which  is 
analysed  here  is  primarily  concerned  with  ident¬ 
ification  of  star*  in  a  pattern,  and  therefore 
factors  affecting  thia  process  will  be  emphasised. 

The  uncertainties  which  affect  the  identifica¬ 
tion  process  involve  the  detector  iseolutlon  and 
the  entire  detection  eyetem  dimensional  stability. 
The  detector  resolution  causes  a  certain  number 
of  star  poaltlon*  to  become  indie kinguiehable  from 
one  another,  The  dlmenaional  instability  of  the 
detectoi  system  causae  uncertainties  in  the  els* 
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of  Che  field  of  view.  The  net  reault  li  that  there 
will  be  patterna  composed  of  different  atari  that 
appear  to  have  similar  geometries  and  cannot  be 
distinguished  from  one  another.  If  the  number  of 
stars  In  the  group  forming  the  pattern  la  Increas¬ 
ed,  this  problem  will  diminish.  The  increase  in 
the  number  of  stars  in  the  group,  however,  incr¬ 
eases  the  complexity  of  instrumentation  and 
identification  time.  Finally,  some  compromise 
has  to  be  reached  between  the  uniqueness  of  star 
patterna  and  the  complexity  of  information. 

Another  important  criterion  for  determin¬ 
ing  the  type  of  an  acceptable  pattern  is  the  comp¬ 
utational  use  of  stars  identified  in  the  pattern.  It 
is  necessary  to  distinguish  the  differences  invol¬ 
ved  in  computational  use  of  stars  and  the  ability 
to  identify  them  as  a  pattern.  The  magnitude  of 
angular  separation  of  stars  in  a  pattern  recogni¬ 
tion  problem  should  be  sufficient  to  overcome  the 
detector  related  problems  described  earlier,  bit 
has  no  particular  lower  or  upper  bound  in  value. 

On  the  other  hand,  it  is  difficult  to  use  star  posi¬ 
tions  for  coordinate  computations  if  their  separa¬ 
tion  angles  are  less  than  10°.  The  type  of  diffi¬ 
culties  and  their  severity  depend  upon  the  naviga¬ 
tion  or  attitude  control  problem  and  are  generally 
related  to  the  computational  difficulties  in  estab¬ 
lishing  coordinate  system  relationships  with 
nearly  colllnaar  vectors.  The  difficulties  also 
depend  upon  how  many  atari  are  completely  ueed 
in  the  problem.  For  example,  two  eteru  give 
enough  information  for  a  coordinate  determination 
except  for  a  180°  ambiguity,  and  no  graat  preci¬ 
sion  le  required  to  resolve  thle  ambiguity,  There¬ 
fore,  if  two  atari  were  separated  by  an  angle 
larger  than  10°,  the  third  itar  could  be  as  clou 
to  one  of  them  ae  allowed  by  the  detector  resolu¬ 
tion.  However,  if  all  other  factors  are  not  rele¬ 
vant,  a  larger  than  10°  Reparation  of  atari  in  the 
pattern  la  desirable,  If  one  of  the  aeparatlon 
angles  were  near  90°,  the  computation*  would  be 
simplified.  Another  consideration  is  the  availa¬ 
bility  of  star  pairs.  For  thla  purpose  a  atudy  was 
made  around  90°  aeparatlon  angle,  to  determine 
an  optimum  value.  A  a  shown  in  Fig.  i,  the 
value  can  be  chosen  es  90°. 

Practical  optical  aystems  with  this  field  of 
view  are  not  available^  therefore  two  fields  of 
view,  separated  by  90°  center  to  center  are  used, 
The  size  of  the  field  of  view  for  the  first  teets 
wae  estimated  from  Kleinian'  ■  atudy  (Ref,  8)  to 
be  2(5^i  and  band  on  available  data  the  aenaor 
resolution  wae  chosen  to  be  1200  lines. 

The  basic  ground  rules  for  the  investiga¬ 
tions  to  be  reported  here  ware  established  reflect¬ 
ing  the  criteria  dlicuiaed  above,  and  can  be 
summarised  si  followii 


Fig,  2.  Total  numbar  of  atar  pairs  plotted  as 
a  function  of  atar  aeparatlon  angles 
for  two  fielda  of  vlaw,  for  various 
fleldi-of-vlew  diameters,  ualng  stars 
of  my  ■  3,  8  and  brighter. 

a,  Angular  position  information  only  may 
be  used  for  searching  for  suitable  star 
patterns  and  for  identifying  stare  from 
measured  information. 

b,  Tha  magnitude  or  spectrum  of  the  stars 
should  not  be  used  for  the  purpose  of 
identifying  the  stars  ae  a  pattern,  or 
individually, 

c,  One  of  the  separation  angles  in  the  star 
pattern  ihouid  be  as  close  to  90°  ae 
possible. 

d,  The  measure  of  a  star  pattern  useful¬ 
ness  in  star  mapper  oparation  la  the 
comparison  of  the  total  number  of 
possible  patterns  that  can  be  formed 
with  the  number  of  patterns  that  cannot 
be  distinguished  from  each  other. 

Operational  Star  Catalog 

The  Operations!  Star  Catalog  for  tha  star 
identification  is  a  condsnatd  format  type  catalog 
where  as  much  Information  as  possible  is  pre- 
processed  on  the  ground  for  efficient  on-board 
computations.  ThsOpsrstional  Star  Catalog  la 
formed  from  the  General  Star  Catalog  as 
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follow*! 

a.  Select  stare  according  to  the  energy 
needed  by  the  detector  system, 

b.  Update  the  star  positions  in  the  co¬ 
ordinates  suitable  for  the  type  of 
mission*  for  some  mean  spoch  of  the 
mission, 

c.  Compute  unit  vectors  in  the  direction 
of  stars! 


'cos  RA  cos  4" 

M 

V 

a  in  RA  coe  6 

Sy 

■In  8 

s 

L 

S.  -  a  unit  vector  in  ths  direction  of 
a  star  with  identification  number 


RA  -  right  ascension  of  a  star 
4  -  declination  of  a  star 

d,  Compile  the  Operational  Star  Catalog 
by  listing  for  each  star  S  ,  9  ,  S  and 
the  star  identification  (catalog)  number 
S. 


The  Operational  Star  Catalog  is  entered  into  the 
storage  medium  of  the  flight  computer  before  the 
launch  of  the  vehicle.  Therefore,  all  test  and 
simulation  operations  in  this  study  use  only  the 
Operational  Star  Catalog,  The  detector  response 
is  not  specified  in  these  studies  and  therefore 
vlnual  star  magnitude  is  used  as  a  measure  of 
the  energy  criterion, 

Mapper  Configuration  and  Analytical  Formulation 

In  accordance  with  the  conclusion!  from  a, 
to  d,  above,  mapper  parameters  were  chosen  for 
testing  total  availability  and  ambiguities  of  star 
patterns,  The  optical  and  detector  systems  of 
the  mapper  must  form  two  circular  fields  of  view, 
each  20°  in  diameter  with  a  resolution  of  1  minute 
of  arc  (1200  line*)  and  spaced  90°  center  to 
center, 

For  vehicle  attitude  determination  without 
any  a  priori  Information  it  is  necessary  to  have 
data  about  the  posltloni  of  three  stars.  There¬ 
fore,  three  stare  in  a  pattern  is  considered  t 
minimum  requirement,  Furthermore,  it  we* 
found  that  star  pairs  are  quite  ambiguous  and 
their  total  number  is  less  than  the  total  number 
of  star  triplet!  formed  in  patterns,  The  number 
of  star  palra  ie  plotted  aa  a  function  of  the  field 
of  view  diameter  in  Fig,  3,  and  the  number  of 


Fig,  3,  Total  number  of  available  star  pairs 
as  a  function  of  the  diameter  of  a 
■ingle  field  of  view,  using  atari  of 
m^  ■  3.  0  or  brighter, 

star  triplets  are  plotted  as  a  function  of  flald-of- 
view  diameter  in  Fig,  4.  The  star  triplet  la 
formed  by  requiring  at  least  two  etars  in  either 
field  of  view,  separated  from  each  othar  by  at 
leaet  the  eansor  resolution,  and  at  least  one 
star  In  the  remaining  field  of  view. 


Fig,  4,  Total  number  of  three  star  patterns 
(triplets)  plotted  as  a  function  of  the 
diameter  of  the  two  fields  of  view, 
Stare  of  m  ■  3.  0  and  brighter  are 
used, 
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Computation!  for  determining  the  atar 
triplet!  formed  by  the  atare  in  the  Operational 
Catalog  involve  at  flrat  a  teat  of  all  poaalble 
palra  for  a  fit  in  one  field  of  vlewi 

coe  <2  S  -  <r)  <  Sj  .  Sj  |  (2) 

where 

8  -  angular  radius  of  each  field  of 
view 

(  -  accuracy  of  the  fleld-of-viaw 
location  with  respect  to  the 
Instrument  boraslght. 

The  pairs  that  fit  in  a  field  of  view  are  then 
tabulated,  and  the  entire  Operational  Catalog  is 
■earchad  for  third  stars  corresponding  to  each 
pair.  The  search  is  carried  out  by  performing 
a  number  of  tests  between  the  star  pair  and  tha 
stars  in  the  Star  Catalog  in  order  to  determine 
which  stars  could  be  in  the  seoond  field  of  view, 
The  first  test  consists  of  a  comparison  which 
eliminates  most  of  the  unsuitable  candidates  by 
requiring  that  both  conditions  below  are  satis* 
fiedi 

cos  (00°  -  a®)  >  Sg  .  Sj  >  cos(B0°  +  28)|  (3) 
and 

cos  (00°  -  28)  >  S3  .  Sj  >  cos(80°  +  29)|  (4) 

SL  •  unit  vector  in  direction  of  a  star  in 
first  field  of  view,  atar  1, 

S,  •  unit  vector  in  direction  of  another 
star  in  first  field  of  view,  star  2, 

S,  -  unit  vector  in  the  direction  of  the 

“ J  star  which  la  being  tested  to  deter* 

mine  if  it  is  in  sscond  field  of  view, 
and  therefore  tha  third  star  in  the 
pattern. 

More  testa  will  follow  only  if  equations  3 
and  4  are  both  satisfied!  otherwise  the  next 
star  is  considered  for  the  first  test.  For  fur¬ 
ther  tests  tha  principle  involved  is  that  If  on 
the  celestial  sphere  a  small  circle  of  radius  9 
contains  two  stars  and  any  part  of  a  great  circle 
drawn  with  the  star  under  test  as  its  center, 
then  the  star  under  test  can  be  a  third  star. 

Referring  to  Fig.  6,  if  on  the  celestial 
sphere,  email  circles  are  drawn  about  stars  S. 
and  S„,  the  area  common  to  both  small  circles 
must  then  be  within  angle  9  of  a  great  circle 
(of  radius  60°  drawn  about  S,.  Tha  method  of 
using  circles  drawn  about  stars  on  a  celestial 
sphere  for  studying  the  angular  relationship  of 


the  stars  Is  described  in  Ref.  6, 


Fig,  S,  Geometry  of  third  atar  determination, 

Ambiguoua  triplets  are  identified  by  actually 
looking  at  earlier  computations  of  star  pairs  as 
potentially  ambiguous  patterns.  The  actual  amb* 
lguouc  triplet  test  then  merely  compares  the 
angles  of  the  prospectively  ambiguous  pair  stars 
with  the  conventionally  found  third  stars.  Ths 
ambiguities  arise  because  the  accuracy  of  star 
locations  specified  in  the  catalog  is  much  higher 
than  the  resolution  of  the  sensor.  Therefore,  tha 
sensor  identifies  star  pairs  with  separation  angle 
differences  less  than  its  resolution  as  being  the 
earns  pair.  The  effect  of  the  sensor  rssolutlon 
as  well  as  the  star  magnitude  upon  the  number  of 
ambiguities  and  available  triplets  is  shown  in 
Fig.  8. 

A  still  clearer  indication  of  the  dependence 
of  the  number  of  ambiguous  triplets  upon  resolu¬ 
tion  Is  given  in  Fig,  7,  where  the  ambiguous 
triplets  are  plotted  as  a  function  of  lines  of  res¬ 
olution  for  several  fields  of  view,  Special  atten¬ 
tion  is  called  to  the  case  of  a  20°  diameter  field 
of  view,  visual  star  magnitude  3,  0,  and  1200  line 
resolution.  This  corresponds  to  the  median  star 
and  mapper  parameters  assumed,  The  total 
number  of  triplets  is  equal  to  16000  and  of  those, 
80  are  ambiguous,  meaning  there  are  80  pairs  of 
triplets  which  cannot  be  distinguished  from  each 
other  by  this  particular  mapper  configuration, 


C.  All  Attitude  Availability  of  Star  Pattern; 
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Fig.  6.  Total  number  of  thro*  star  seta,  and 
aim  liar  thraa  itar  iati  plottad  ai  a 
function  of  visual  itar  magnituds,  for 
two  sansor  raiolutiona. 


Fig.  7.  Tha  number  of  ambiguous  atar  triplata 
plottad  aa  a  function  of  tha  Unaa  of 
rasolutlon  for  various  flalds  of  vlaw. 


There  are  numerous  methods  which  may  bs 
used  to  investigate  the  distribution  of  Identify  - 
able  star  patterns  .is  a  function  of  the  orientation 
of  the  mapper  coordinates  with  respect  to  celes¬ 
tial  coordinates.  It  has  not  bean  possible  to  find 
an  accurate  statistical  description  of  star  posi¬ 
tions  on  tha  celestial  spherei  and  therefore  it  is 
necessary  to  consider  more  deterministic  al¬ 
though  possibly  laborious  approaches  to  the  sol¬ 
ution  of  tha  atar  pattern  availability  question. 

A  very  simple  scheme  was  used  since  the 
analysis  time  was  reasonable  and  from  an  esti¬ 
mate  the  computation  machine  time  was  not  pro** 
hlbltlve  (about  lid,  062  individual  mapper  orient¬ 
ations  need  to  bt  investigated),  and  complete 
explioit  information  for  every  position  of  a  field 
of  view  can  be  found, 

Deecrlption  of  the  Approach 

Two  circular  fields  of  view,  the  center  of 
each  definable  by  two  coordinates,  result  in  a 
four -dimensional  description  of  the  pattern  avail¬ 
ability,  In  order  to  overcome  this  difficulty,  the 
following  approach  will  bo  ussdi 

a,  Designate  the  fields  of  view  ae  1  and  3, 
attaching  no  preference  ai  to  which  le 
which,  Both  fields  of  view  ere  circular, 
with  radius  l|  the  centere  of  the  fields 
of  view  are  separated  by  90°. 

b,  Letting  one  field  of  view  (center  of  field 
of  view  #1)  remain  in  place  the  other 
center  le  moved  in  steps  of  y  degrees 
through  e  complete  great  circle, 

c,  At  first,  field  of  view  #1  ii  checked  and 
if  it  contains  two  or  more  ecceptabie 
■tan,  only  one  iter  le  required  In  field 
of  view  #2  for  etch  of  lte  positions,  If 
field  of  view  *i  contains  only  one  star, 
then  field  of  view  #3  le  required  to  con¬ 
tain  two  etare  in  each  of  lte  great  circle 
position.  If  field  of  view  #1  contslns  no 
■tsre,  the  next  poeltlon  li  Incremented 
without  eesrchlng  field  of  view  #3,  At 
the  end  of  the  great  circle,  the  total  num¬ 
ber  of  position!  in  which  a  complete  eet 
of  atari  wae  available  for  pattern  deter¬ 
mination  ii  counted  and  its  ratio  with  the 
total  number  of  itepi,  NP,  will  be 
computed) 


Jfii  I 

(5) 

Y 

THT*10  » 

(6) 
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where 

C  -  in  integer  lees  thin  ten,  or  in 
asterisk  ihowing  in  10%  imounti 
the  coverage  of  celeitial  iphere  by 
useful  stir  patterns. 

NP1  -  the  number  of  positions  where  an 
Identifiable  star  triplet  was  found. 

Figure  8  is  a  schematic  representation  of  the 
search  routine  for  one  point  on  display.  For 
the  next  point  field  of  view  #1  is  Incremented  by 
approximately  y  degrees  and  the  procedure 
depicted  in  Fig,  8  is  repeated. 
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RECORDER  BY 
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Fig.  8.  Operations  for  availability  determina¬ 
tion, 

Type  of  Display 

'fhe  display  of  the  computed  information 
consists  of  symbols  representing  the  value  of  C. 
The  number  of  symbols  in  each  line  Is  the  same 
as  the  number  of  the  field  of  view  #1  Incremented 
positions,  Four  displays  are  incorporated  Into 
Fig.  B,  Star  mapper  parameters  and  energy 
content  of  stellar  information  were  varied,  to 
determine  the  sensitivity  of  star  set  availability 
to  these  parameter  changes. 


Figure  10  shows  the  change  in  percent  avail¬ 
ability  of  star  sets  with  magnitude.  Figure  11 
shows  the  effect  of  the  change  in  the  fleld-of-vlew 
diameter  upon  the  three  star  set  availability. 


Fig.  10,  Percent  availability  of  star  sets  plotted 
as  a  function  of  star  magnitude,  Field* 
of  view  diameter  Is  20°. 


Fig,  11,  Percent  of  availability  of  three  star  sets 
plotted  as  a  function  of  the  diameter  of 
of  the  two  fields  of  view  for  various  star 
magnitudes. 

At  first  It  was  anticipated  that  a  marked 
change  In  percent  coverage  would  result  from 
changing  the  test  step  sice  y,  However,  at  mag¬ 
nitude  3,0  and  field  of  view  diameter  of  20°,  no 
change  at  all  In  percent  availability  occurs  if  the 
teat  step  sice  is  varied  from  3°  to  10°.  Hence  the 
attained  percent  coverage  with  the  8°  test  step 
sics  is  correct  and  there  is  no  need  to  decrease 
the  step  sice  (and  therefore  Increase  the  analysis 
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Fig.  9.  Four  displays  of  atar  aet  availability  for 
varloua  field  of  view  diameters  and  atar 
magnitudes. 


computer  time). 


In  conclusion  for  thla  atudy,  acceptable  per¬ 
cent  coverage  of  ihe  entire  celestial  sphere  by 
star  seta  can  be  obtained  with  fields  of  view 
25°  to  30°  In  diameter  nnd  with  the  requirement 
to  detect  atara  of  vlaual  magnitude  3,  8  ,->nd 
brighter.  The  use  of  visual  magnitude  Implies 
the  use  of  sensors  similar  In  response  to  the 
human  eye,  Thla  la  not  necessarily  true,  and 
efforts  are  continuing  in  matching  broad 


spectral  band  detectors  with  available  extra¬ 
terrestrial  star  data  for  the  purpoue  of  generat¬ 
ing  a  more  flexible  Operating  Stur  Catalog. 

D,  Simulation  of  Star  Mapping 

The  simulation  of  star  mapping  on  a  comp¬ 
uter  has  to  be  formulated  In  accordance  with 
actual  operating  procedures  of  an  operational 
star  mapper  system.  As  shown  in  Fig.  12, 
only  the  part  concerned  with  the  Identification 
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Fig,  12,  Function!  of  an  Operational  Star 
Mappsr 

algorithm  has  been  simulated. 


1  w  -  eeparatlon  angle  bitween  atari 

which  have  unit  vector!  designated 

S.  and  S. 

-l  -J 

For  the  Identification  of  Individual  atari  a  com- 
parlaon  of  Input  leparatlon  angle  cosines  is 
made  with  the  separation  angles  computed  from 
data  In  the  Operational  Star  Catalog.  This  pro¬ 
cedure  can  best  be  described  as  an  operation  of 
atepi  for  each  computation, 


1  ,  Compare  eoi  rj.,  to  coalnes  of  input 
leparatlon  anglnt 

cos  (fij  -  »)  >  coi  >  coi  (Cj  +  or)  |  (8) 

coi  (02  -  a)  >  coi  rj  >  coi  (Qj  +  o)  |  (8) 

coi  (Bj  -  a)  >  ccs  Jjjj  >  coa  (Qj  +  o)  |  (10) 

where 

a  -  resolution  of  thi  senior 

2,  If  coi  nt1  mists  any  of  thi  criteria  of 

1 ,  enter"  Sj  and  S .  Into  the  appropriate 
column  In  arrayJ#l, 

3,  Find  coi  p.,  for  all  1  and  j,  and  repeat 
■  tipi  1  and  J2, 


The  cosines  of  the  separation  anglii  bit- 
ween  unit  vectors  to  some  known  atari,  desig¬ 
nated  here  ai  Sj  and  SJ(  wire  und  ai  Input 
Information  for  this  simulation,  and  the  algor¬ 
ithm  had  to  find  these  itari  from  the  Operat¬ 
ional  Star  Catalog.  This  was  accomplished 
several  times,  using  the  proem  described 
here, 

The  three  Input  angle  cosines  are  entered 
into  computer  storage  media  and  are  listed  Into 
the  heads  of  columns  In  array  #1,  as  coin., 
cos flj,  cosB,.  The  separation  angle  cosines  of 
the  stars  In  the  Operational  Star  Catalog  are 
computed  without  regard  to  order) 


co,rV-r  Sj 


Vj* + + susj,  •  <7) 


j  >  i + 1  i 

C,  -  identification  number  of  Ith  star 
1  1th 

3^  -  identification  number  of  j  star 


Now  array  #1  Is  ready  for  Identification  of  ind¬ 
ividual  stars  and  the  following  discussion 
attempts  to  reason  a  solution. 

Choose  the  first  Sj  S,  corresponding  to 
cosBi.  There  Si  and  Sj  could  be  tho  same  as  Si 
and  Sg  used  for  Input  Information  generation. 
Next  choose  the  S,  Sj  corresponding  to  cosB2 
which  has  one  of  the  star  numbers  in  common 
with  those  lilted  under  cosily  If  no  such  Si  Sj 
corresponding  to  cosftg  exists,  the  first  Sj  Sj 
corresponding  to  cosBi  represents  an  ambig¬ 
uous  angle,  and  the  next  Sj  Sj  corresponding  to 
cosBj  is  chosen  and  the  umt  test  Is  mads.  The 
test  is  then  repeated  until  a  Sj  Sj  is  found  which 
is  formed  with  s  star  common  to  at  least  two 
pairs.  The  common  star  to  both  pairs  Is  tenta¬ 
tively  called  Sg)  the  other  etar  in  the  coeBj 
column  le  called  S[|  and  in  the  coaftg  column, 

S3' 

After  two  pair*  with  one  common  star  have 
been  found,  the  remaining  two  stare  are  comp¬ 
ared  to  the  two  atar  list  for  Sj  S,  corresponding 
to  coeQj,  to  see  if  a  pair  making  up  Si  S3  ie 
present,  If  two  such  stars  are  found,  the  stars 


are  Identified,  If  two  etara  corresponding  to 
the  two  stars  of  the  pair  Sj  S3  were  not  found 
among  those  corresponding  to  Si  Sj  listed  under 
00183.  then  search  must  be  repeated  for  further 
values  of  Si  S-j  corresponding  to  cos8j  and  after 
exhausting  this  column  repeat  the  operations 
with  Si  Sj  corresponding  to  cosfi,,  then  again 
search  the  cosflj  column  for  Sj  So.  Several 
star  triplets  were  successfully  Identified  by 
this  simulation,  and  no  difficulties  with  the  use 
of  the  algorithm  were  experienced, 

E,  Conclusions 

The  basic  question  of  availability  of  unique 
star  patterns  for  all  pointing  attitudes,  and  the 
ability  of  the  star  mapper  to  identify  the  indiv- 
idual  stars,  has  been  answered  as  shown  in  the 
two  preceding  sections,  This  means  that  comp¬ 
letely  autonomous  stellar  attitude  determination 
by  the  use  of  a  star  mapper  alone  Is  possible, 
The  mapper  should  have  two  fields  of  visw,  each 
25°  to  30°  In  diameter,  and  80°  apart  esnter  to 
center.  It  should  be  sensitive  enough  to  detect 
stars  brighter  than  visual  magnitude  3.  8}  no 
limit  In  sensitivity  need  be  imposed, 

The  autonomous  capability  does  not  hinder 
operations,  If  indeed  the  approximate  pointing 
direction  of  the  mapper  la  known,  mainly  from 
Its  own  previous  autonomous  attitude  determin¬ 
ation,  A  priori  knowledge  of  attitude  reduces 
the  computation  time,  Thus  no  limitations  to  a 
present  systems  type  operation  are  Imposed  by 
the  star  mapper  but  the  ability  for  autonomous 
attitude  determination  has  become  available, 

The  autonomous  capability  allows  the  star  map¬ 
per  to  operate  without  a  gyrostablllsed  system, 
and  can  establish  Inertial  attitude  fop  such 
systems  when  they  are  reactivated  after  shut¬ 
down. 


IV.  SECOND  APPROACH 
A,  Introduction 

The  second  approach  Is  the  adaption  of 
holography  to  the  problem  of  recognition  of  star 
fields  for  attitude  determination,  A  primary 
objective  Is  a  device  (hereafter  to  be  called  a 
star  field  mapper)  which  will  be  completely 
autonomous  and  which  will  provide  thrse-axis 
Inertial  attitude  reference  Information  using  a 
single  device  sampling  a  single  star  field, 
Operation  of  ths  mapper  essentially  will  bs  in 
real-time  and  all  the  data  processing  required 
for  Identifying  a  star  field  will  be  done  optically, 
Such  a  recognition  device  could  bs  modified  for 
acquisition  and/or  tracking.  In  addition  to 
these  advantages  gained  due  to  the  Inherent 


nature  of  the  holographic  process,  the  star 
field  mapper  will  not  require  an  attitude  control 
system  nor  will  it  be  dependent  upon  ground- 
based  Information. 

Holography  (9,10,11,12)  Is  a  means  for 
recording  a  wave  field  on  some  photo-sensitive 
medium  (typically  photographic  film)  with  suff¬ 
icient  completeness  that  ths  wave  field  can  be 
regenerated  from  the  record,  Ths  regenerated 
wave  field  cannot  be  distinguished  from  ths 
original  and  can  be  focused  to  form  an  Image, 

In  the  typical  holographic  experiment,  a  coher¬ 
ent  beam  of  light  la  split  Into  two  components. 

One  component  (the  object  beam)  Illuminates  the 
object  and  a  portion  of  the  Rayleigh  scattered 
light  from  the  object  is  then  intercepted  by 
photographic  film.  The  other  component  (the 
reference  beam)  la  directed  to  the  film,  subject 
to  coherence  length  restrictions,  and  functions 
like  the  local  oscillator  signal  of  a  superhetero¬ 
dyne  receiver  to  aid  In  recording  the  phase 
Information.  To  read  out  the  recorded  hologram, 
the  developed  photographic  plate  Is  returned  to 
the  original  recording  position  and  illuminated 
with  the  reference  beam,  If  the  original  object 
position  Is  viewed  through  the  photographic 
plate,  an  image  of  the  object  In  three  dimen¬ 
sions  will  be  seen. 

A  holographic  record  of  a  particular  star 
pattern  can  be  made  In  the  laboratory  using  a 
template  (with  back  lighting)  as  ths  star  pattern 
and  the  light  from  a  point  source  (a  pin  hole  sys¬ 
tem)  as  the  reference  beam.  The  star  field 
pattern  may  then  be  regenerated  anywhere  by 
presenting  the  point  source  reference  beam  to 
the  hologram.  A  reciprocal  situation  can  also 
bs  demonstrated  in  which  the  star  pattern  It¬ 
self  is  presented  to  the  hologram,  If  the  Btar 
pattern  is  the  same  (or  similar)  as  the  recorded 
pattern,  the  point  source  will  be  generated  and 
can  be  focused  onto  a  detector,  The  presence 
or  absence  of  the  regenerated  point  source  is  an 
indication  of  the  presence  or  absence  of  the 
original  star  pattsrn.  This  simple  means  of 
star  pattsrn  recognition  is  severely  limited  In 
Its  use  for  practical  reasons  (alignment  prob¬ 
lems)  and  one  must  introduce  another  level  of 
sophistication  --  ths  use  of  a  lens. 

B,  Fourier  Transformation  Propsrty  on  Lenses 

One  of  the  most  remarkable  and  useful 
properties  of  a  converging  lenB  is  its  inherent 
ability  to  perform  two-dimension  Fourier  trans¬ 
formations  (sse  Reference  13,  page  83,  for  a 
complete  discussion).  When  an  object  Is  placad 
in  the  front  focal  plane  of  a  lens,  an  exact 
Fourier  transform  relation  exists  between  the 
object  and  the  field  amplitude  across  the  back 
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focal  plane  of  tha  lane  (neglecting  vignetting 
effect!  caused  by  the  finite  lens  aperture).  The 
Fourier  transforms  are  just  images  but  the 
images  are  defined  In  spatial  Fourier  space  or, 
more  commonly,  in  the  spatial  frequency  dom¬ 
ain. 

The  holographic  system  indicated  In  Fig. 

13  records  the  information  (a,  b)  in  the  focal 
plane  of  the  lens.  Because  of  the  reciprocal 
nature  of  holography,  either  a  or  b  may  be  con¬ 
sidered  as  the  object  and  the  other* as  the  refer¬ 
ence,  Let  T  be  the  operator  which  generates  a 
Fourier  transform  -•  than  T  represents  the 
action  of  the  lens.  Ift 

A  ■  T  (a)  (11) 

B  ■  T  (b)  (12) 

then  the  field  amplitude  in  tha  back  focal  plans 

of  tha  lens  lsi 

T  (a  +  b)  »  A  ♦  B  (13) 

by  invoking  the  linearity  of  Fourier  transforms, 
The  hologram  la  recorded  on  film  which  has  a 
square-law  characteristic  (film  is  analogous  to 
a  mixer)  and  thus  the  recorded  Information  la: 

(A.+  B)  (A*  +  B*)  (14) 

where  *  indicates  complex  conjugate, 


Hologram 


(A+B)[A*+  B") 


Fig,  13,  A  holographic  system  to  record 
(a,  b)  in  the  focal  plane  of  a  lens. 

In  Fig,  14  the  symbol  a  is  presented  to  the 
hologram  and  an  additlonariens  is  used  to  per¬ 
form  another  Fourier  transformation.  With  an 
appropriate  choice  of  coordinate  systems 
(Ref,  14),  the  second  Fourier  transformation 
will  yield  the  same  result  as  the  inverse 


Fourier  transform  operation! 

TT  (a)  -  TA  ■  a  (IS) 

TT  (b)  •  TB  »  b  (16) 

(A  theorem  of  Fourier  transforms  says  that: 

TT  f(x,  y)  •  T*1  T'1  f(x,  y) 

-  f(-x,  -y)  (17) 

for  all  points  of  continuity  of  f(x,  y),  The  co¬ 
ordinate  system  is  redefined  in  a  reflected 
geometry,)  The  field  amplitude  in  the  hologram 
plane  is: 

A  (A  +  B)  (A*  +  B*)  (IB) 

and  in  the  image  plane  the  field  amplitude  la: 

T  (A (A  +  B)  (A*  +  E*)) 

-  T  (A2A*  +  AJB*  +  AA»B  +  ABB*)  (19) 

The  term  of  Interest  is  T  (AA*B)  which  la  the 
holographically  generated  imrg'e  of  b,  Obvious¬ 
ly  using  b  as  tha  input  would  generate  T(B«BA ), 
the  holographic  Image  of  a,  along  with  other 
terms.  If  a  ware  a  glven~atar  pattern  and  b  a 
point  source  serving  as  a  reference  beam,  "then 
presenting  a  to  the  hologram  will  generate  the 
point  source  aa  long  as  a  ie  Identical  (or  elmi- 
ltr)  to  the  pattern  whlclfwaa  uaad  to  make  the 
hologram.  Alio,  the  dealred  term  will  be  gen¬ 
erated  ofi-axle  and  will  be  eeparated  from  the 
other  three  tirma. 


Fig.  14,  A  simple  optical  recognition  system. 

Now,  why  introduce  the  lsnsss  in  the  firet 
place?  A  hologram  constructed  without  the 


lenses  requires  an  accurate  alignment  between 
the  unknown  pattern  and  the  original  recording 
position  of  the  stored  pattern.  The  problem  is 
similar  to  trying  to  prove  that  a  email  section 
cut  from  one  of  two  identical  photographic  neg  - 
ativee  will  match  some  portion  of  the  uncut  neg¬ 
ative  -  a  trial  and  error  search  may  or  may  not 
work.  By  transforming  to  the  spatial  frequency 
domain,  an  object  can  bs  "compared"  anywhsre 
in  the  field  of  view  of  the  lens  without  precisely 
overlaying  the  images.  No  matter  where  in  the 
field  of  view  of  the  lens  the  pattern  is  located, 
the  information  (assuming  a  perfect  lens)  will 
pass  through  the  focal  region  of  the  lens.  The 
information  retained  in  this  process  is  the  rel¬ 
ative  positions  of  a  and  b  (see  Fig,  IS)  in  the 
output  plane.  Thus,  if  (Tie  pattern  a  is  moved 
about  in  ths  input  plane  (just  translations,  not 
rotations),  the  reconstruction  of  b,  the  point 
source,  will  move  correspondingly  in  the  output 
plane.  The  prospect  of  tracking  la  meaningful 
if  a  position  sensitive  detector  (mosaic  detector 
for  Instance)  can  be  used  to  sense  the  presence 
of  the  point  source, 

Suppose  that  a  pattern  composed  of  the 
letters  A  through  Y  arranged  in  five  rows  of 
five  letters  each  la  recorded  in  the  focal  plana 
of  a  lens,  A  point  source  is  used  as  the  refer¬ 
ence  wave,  Assume  the  letter  E  is  in  the 
"upper  right-hand  comer"  of  the  input  pattern, 

If  just  the  letter  E  is  presented  to  the  optical 
system  (see  Fig.  14),  then  the  holographically 
generated  point  source  would  appear  in  the 
"upper  right-hand  corner"  of  the  output  plane. 
Alternatively,  if  the  input  is  any  one  of  the 
twenty-five  possible  letters,  an  identification 
can  be  realised  by  applying  the  input  to  a  bank 
or  memory  of  twenty-five  filters  (each  matched 
to  one  of  the  possible  input  characters)  and 
examining  the  output  -  Ideally  only  one  will  re¬ 
construct  the  point  source, 

C,  Star  Field  Mapper 

The  star  field  mapper  under  development 
will  use  a  memory  composed  of  optically  gener¬ 
ated  Fourier  transforms  of  the  'universe'' (see 
Fig.  IS).  A  modified  Rayleigh  interferometer 
is  used  to  record  the  diffracted  Images.  Once 
the  Fourier  transform  has  been  recorded,  it  is 
placed  in  a  similar  optical  system  (recognition 
mode  of  Fig,  IS)  to  serve  as  a  memory  unit  -• 
a  matched  filter  in  the  spatial  domain.  The 
star  mapper  presents  an  unknown  star  field  to 
the  optical  memory  which,  in  turn,  modifies  the 
star  field' s  spatial  frequency  spectrum)  the 
output  is  an  altered  image  of  the  star  flsld,  The 
transform  lens  converts  the  optical  signals  to 
spatial  frequencies  by  diffraction  and  they  are 
then  passed  through  the  spatial  filter.  The 


correct  frequencies  pass  almost  unattenuated 
while  the  other  frequencies  are  largely  eupp- 
reaeed,  The  transmitted  frequencie*  then  are 
reconstructed  to  form  a  normal  image  while 
the  leakage  of  other  frequenclee  reconstruct*  a 
noiee  background.  Since  the  memory  unit  wee 
constructed  holog:  aphlcally  using  a  point  refer¬ 
ence,  the  output  is  a  spot  of  light  (a  correlation) 
whoee  coordinates  in  the  output  plane  bear  a 
one-to-one  correspondence  with  the  loaatlon  of 
ths  unknown  star  flsld  in  the  optical  memory, 
With  a  position  sansltivs  detector,  the  coordin¬ 
ates  of  the  unknown  star  field  are  obtained 
directly. 

D.  Implementation  of  Star  Mapper 

Oie  possible  means  of  implementing  a  star 
field  recognition  system  is  indicated  in  Fig.  16. 
The  figure  is  Intended  only  to  depict  the  aeven 
major  research  and/or  component  area*. 

Telescope 

The  teleecope  provides  the  etar  field  image 
to  be  identified.  In  the  laboratory,  photographic 
posltlvei  art  used  in  place  of  the  telescopic 
■yitem  end  the  film  transport  systsm.  An  ideal 
atar  field  mapper  will  have  lta  angular  resolu¬ 
tion  determined  solely  by  the  diameter  of  ths 
collecting  aperture  of  the  teleecope  via  the 
Rayleigh  criteria.  For  the  ensuing  dlecueelon 
it  is  assumed  that  diffraction  limited  collecting 
optica  will  be  available,  About  a  45  degree 
field  of  view  (fourth  magnitude  atari  being  the 
limiting  magnitude)  is  anticipated  (Ref.  B)|  it 
le  known  that  Schmidt-Caesagrain  and  Bouweri- 
Makeutov  systems  have  no  field  distortions 
over  wide  fields  and  their  field  curvatures  can 
be  improved, 

Imaging  Medium 

A  film  transport  system  is  shown  (Fig.  16) 
as  ths  means  of  presenting  ths  star  field  image 
to  the  recognition  system.  An  ultimata  design 
would  employ  a  reusable  medium  which  could 
store  the  input  star  image  during  the  recogni¬ 
tion  phase  and  he  eraesble  and  ready  for  use 
when  another  attitude  measurement  le  required, 
The  optical  recognition  system  is  not  able  to 
operate  directly  on  the  temporally  Incoherent 
and  mutually  spatially  lncohsrant  star  flsld,  An 
input  medium  would  transfer  the  incoherent  star 
flsld  to  a  danalty  or  phaea  modulation  which 
could  ba  accaptad  by  tht  optical  system,  Pres¬ 
ently,  varloue  solutions  to  the  recording  prob¬ 
lem  tre  being  examined!  rapidly  developed 
silver  halide  films,  thermoplastics,  photoplas¬ 
tics,  free  rsdical  films,  dry  silver  fllme, 
photochromies,  etc, 


FILTER  OINHATION  MODE 


Fig,  15,  The  spatial  filter  generation  and  recognition 
optical  eyetema, 


Laatr 

A  <aaer  la  uaed  to  provide  a  aource  of  high- 
lntanalty,  coherent,  monochromatic  illumination 
for  the  optical  proceaelng  ayetem.  In  the  lab¬ 
oratory  eimulation,  a  twelve  milliwatt  Helium- 
Neon  gaa  laser  is  uaed,  For  space  application, 
both  small  aolld  state  laaera  and  Incoherent 
aourcea  are  being  conaldered,  although  somo 
partially  coherent  aourcee  show  considerable 
promise. 

Lena 

In  choosing  the  lenses,  particularly  the 
transform  lens,  the  affect  of  the  lens  must  be 
considered.  If  the  lens  is  essentially  Infinite, 
a  strict  Fourier  transform  relationship  will 
exist  between  the  object  and  hologram  planes. 
The  effect  of  the  lens  may  be  seen  by  examining 
the  response  of  the  lens  to  a  point  objscti  the 
amplitude  distribution  in  the  hologram  plane  will 
be  just  a  Fresnel  diffraction  pattern  (Ref,  14), 
Thus,  only  spatial  frequencies  lower  than  the 


resolution  limit  will  be  passed  by  the  lens, 

(The  maximum  spatial  frequency  that  may  be 
passed  by  a  lens  is  simply  D/2X  where  D  Is  the 
diameter  of  the  lens,  X  is  the  wavelength  of 
light,  and'f  is  the  focaT  length  of  the  lens, ) 
Typically, **lor  laboratory  simulation,  the  trans¬ 
form  lens  is  between  F/10  and  F/15  with  between 
10  and  15  centimeter  aperture)  imagers  are 
usually  aerial  photographic  objectives  of  about 
F/4  and  60  csntimeter  focal  length, 

Position  Sensitive  Detector 

A  position  sensitive  detector,  such  as  a 
mosaic  detector,  Is  required  to  read  out  the 
location  of  the  correlation  or  point  spot,  A  vid- 
lcon  could  be  used  in  conjunction  with  a  deflec¬ 
tion  system  and  pulse  center  detection  logic. 

Any  detector  will  require  some  sort  of  intensity 
threshold  detection  circuitry  in  order  to  distin¬ 
guish  a  "recognition"  from  a  "noise,"  The  out¬ 
put  is  an  interpolated  position  of  the  reconstruct¬ 
ed  point  source  in  digital  form. 
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Tig,  18,  Schematic  of  a  possible  holographic  star 
mapping  system, 


Holographic  Memory 


Tha  holographic  memory,  lta  formation 
and  raad-out,  li  tha  moat  critical  aapact  of  tha 
racognltlon  ayatam.  Tha  concapt  of  a  bank  of 
flltara  (ona  for  aach  poaalbla  acana)  with  aach 
acana  atorad  on  a  aaparata  hologram  implies  a 
lot  of  equipment,  For  lnatanca,  if  all  tha  holo- 
grama  wart  to  be  mounted  on  a  filter  wheel,  an 
additional  meana  would  ba  required  to  allow  a 
rotation  of  the  hologram  for  an  angle  aaarch 
plua  a  meana  to  record  tha  angle  (angle  encoder), 
For  any  general  Instrument  to  be  used  In  a  space 
mission,  the  number  of  holograms  could  become 
Impractical,  If  equal  radius  circular  flelda  of 
view  are  atorad,  then  8n*  (n  la  an  integer  great* 
er  than  unity)  circles  are  required  to  complete¬ 
ly  cover  a  unit  sphere  with  circles  of  radius 
9Q/(3l/*n)  degrees  (about  84/n  dagraea).  In 
the  Interest  of  eliminating  moving  parts  in  the 
apace  environment,  multiple  atorags  techniques 
were  Investigated, 

A  three-beam  technique  (Ref,  IS)  has  been 


developed  to  superimpose  a  number  of  pattarna 
In  the  same  plane  of  a  hologram  with  the  ability 
to  uniquely  identify  each  individual  pattern,  In 
contrast  to  prior  techniques,  the  readout  proc¬ 
ess  does  not  require  any  movement  of  parts, 
e.  g, ,  the  hologram  la  not  rotated  through  a 
Bragg  angle  nor  la  the  direction  of  the  Input 
beam  changed  In  any  manner,  The  solution  la 
to  introduce  another  lens  which  cornea  to  a 
focua  before  tha  photographic  plate  (see  Fig.  17). 
Mathematically,  the  hologram  1st 

i  2 
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(20) 


where,  fur  simplicity,  the  reference  beam  has 
been  aaaumed  to  be  on-axla  and  the  obliquities 
of  the  star  pattern  (amplitude  S)  and  the  third 
beam  are  opposite  and  differ  by  the  angle  ♦, 
Expanding! 
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Fig,  17,  Three-beam  conc«pt  for  th*  record- 
lug  of  multiple  iter  field*, 

When  the  hologram  1*  Illuminated  by  the  star 
pattern  (assumed  to  be  email),  the  first  and 
aecond  order  reoonetructed  beam*  conalat  of 
the  lnterferagrame  of  the  atar  pattern  (or  lta 
conjugate)  with  the  third  beam  and  with  the 
reference  beam,  By  chooalng  appropriate 
obliquities,  the  reoonatructlona  of  the  third 
beam  and  the  reference  beam  can  be  confined 
to  well-defined  reglona  of  the  output  plane. 

When  a  new  pattern  la  to  be  atored,  the 
location  of  lana  B  la  changed  In  *uch  a  manner 
aa  to  keep  conatant  the-dlatance  from  th*  centar 
of  lana  B  to  the  axla  0-01  aa  well  aa  the  dlat- 
ancaa  from  the  center  of  the  plate  P  to  point  0 
(the  focal  point  of  lana  B)  and  from  point  O  to 
the  center  of  lana  B  (1,  a. ,  a  rotation  about  th* 
0*0'  axla),  Now  there  are  three  beam*  Inter¬ 
fering  at  the  photographic  plat*  P,  Th*  expos- 
ure  time  for  each  pattern  varlea  roughly  aa  th* 
reciprocal  of  th*  total  number  of  pattern*  to  be 
atored,  Th*  non-Unearlty  of  th*  amplitude 
tranamlttanc*  curve  cauaee  each  pattern  to  be 
recorded  In  lta  entirety  (Ref,  18), 

Th*  dlatlnct  advantage  of  the  three-beam 
technique  can  be  aeen  In  Fig,  18  which  dlaplaya 
th*  readout  proceea  of  th*  image*  atored  on  th* 
photographic  plat*  P.  An  unknown  pattern  la 
placed  In  a  window  formed  by  th*  atopa  8|  th* 
transform  lena  perform*  the  Fourier  tranaform 
of  th*  pattern,  and  in  th*  plan*  of  the  photo¬ 
graphic  plate  the  Fourier  tranaform  la  multi¬ 
plied  with  th*  previoualy  recorded  Fourier 
tranaform*,  Lena  A  then  perform*  another 
Fourier  tranaform  and  exhibit*  the  cron  cor¬ 
relation  of  the  input  pattern  with  all  the  atored 
pattern*  aa  a  point  of  light  F' ,  Uaing  juat  the 
prior  art,  on*  would  have  to  rotate  th*  photo¬ 
graphic  plate  In  order  to  aearch  for  the 


formation  of  point  F1,  and  the  angle  of  th* 
plate  P  would  Indicate  which  of  the  atored  patt¬ 
erns  la  matched  by  the  Input  pattern.  In  the 
three -beam  technique,  point  F1  will  be  present 
without  any  movement  of  plat*  P|  there  will 
also  be  another  point  of  light  G*  which  la  the 
image  of  point  O  (Fig.  17),  Th*  position  of 
point  Q'  indicate*  which  of  the  itored  patterns 
matches  the  input  pattern  (if  any),  F'  and  G' 
come  to  a  point  focus  in  different  plane*  which 
la  convenient  for  readout  purposes.  Thus,  th* 
thrae-baam  technique  allows  one  to  interrogate 
th*  stored  patterns  for  a  matching  pattern  In 
one  operation,  without  the  previoualy  required 
need  for  moving  th*  photographic  plate, 


Fig,  IB,  Readout  procaia  of  the  three-beam 
technique. 

2 

It  la  now  proposed  to  store  the  6n  patterns 
required  to  cover  th*  celestial  sphere  In  each 
of  th*  angular  orientations  needed  to  be  sure 
that  a  recognition  la  always  obtained,  Regen¬ 
eration  of  the  point  aource  will  give  the  (x,  y) 
coordinates  of  the  center  of  the  unknown  star 
field  with  respect  to  a  stored  pattern.  A  ring 
of  photodiodes  will  b*  uasd  to  Intercept  th*  re¬ 
generation  of  the  third  beam  and  thus  Identify 
which  of  th*  many  stored  patterna  correlates 
with  the  unknown  pattern,  The  voltage  algnals 
can  then  be  used  directly  to  monitor  and/or  up¬ 
date  a  gyro  Inertial  frame. 

I),  Laboratory  Simulation 

The  apparatus  for  the  star  field  mapper  la 
in  the  development  stage,  At  present,  the  holo¬ 
graphic  memory  la  being  constructed  and  stud¬ 
ied,  Tne  three-beam  teohnlqu*  and  appropriate 
bleaching  techniques  appear  to  have  consider¬ 
able  potential  for  extending  th*  holographic 
memory  capability,  At  this  writing,  thirteen 
patterns  have  been  recorded  and  the  crosstalk 
la  barely  detectable  with  an  unshielded  photo¬ 
multiplier.  Th*  aignal-to-noia*  ratioa  have 


130 


alwaya  been  better  than  40tl  and  at  times  nsu.'ly 
1000:1,  If  an  input  medium  can  be  found  or  dev¬ 
eloped  and  If  the  three-beam  technique  can  be 
extended  to  map  the  universe,  an  autonomoue 
■  tar  field  mapper  can  become  a  practicality,  If 
a  mlaelon  reetrlcta  the  field!  of  view  to  only 
aelected  atelier  area*  or  landmarks,  a  tracking 
mode  la  certainly  feaalble  ualng  the  aame 
optical  ayatem. 

F.  Concluaton 

Optical  mated  filtering  haa  a  great  poten¬ 
tial  in  the  pattern  recognition  flaldi  especially 
whan  the  objects  arc  stars,  Critical  reglatra- 
tlon  problems  Inherent  in  conventional  recogni¬ 
tion  ayatema  are  eliminated  in  tlia  spatial 
frequency  domain,  The  a  tar  field  mapper  will 
be  a  completely  self-contained  automatic  device 
which  will  provide  three-axia  attitude  reference 
information  in  either  analog  or  digital  form, 

The  optical  ayatem  processes  tha  star  condi¬ 
tions  without  a  computer  and  at  the  speed  of 
light,  A  holographic  star  mapper  could  provide 
greater  accuracy  than  known  autonomous  navi¬ 
gation  techniques, 

V.  SUMMARY 

Aa  more  far  reaching  apace  voyages  are 
undertaken  and  for  future  Earth-orbiting  veh¬ 
icles,  tha  naad  for  aelf-contalntd  navigation 
ayatema  baaed  an  electro-optical  technique  la 
decidedly  increased,  Tha  attitude  Information 
provided  by  such  ayatema  la  essential  for  the 
proper  reduction  of  meteorological,  geophys¬ 
ical,  and  many  other  typea  of  data  gathered  by 
a  apace  vehicle, 

This  paper  haa  dlacuaaad  two  new  approach¬ 
es  to  the  problem  of  rapid  determination  of 
directions  in  inertial  apace,  Though  both  sys¬ 
tems  have  the  desirable  property  of  balng  able 
to  perform  the  required  star  pattern  match 
without  moving  parts  or  spacecraft  slewing 
(1,  e, ,  they  both  operate  in  the  strapped-down 
model),  the  complement  of  equipment  and  the 
■peed  at  which  attitude  la  determined  la  mark¬ 
edly  different  for  the  two  approaches, 

The  conventional  approach  amploya  a  com¬ 
puter  and  la  within  the  atate  of  the  art  so  that 
hardware  muy  ba  configured  which  will  meet 
■pace  qualification.  For  precise  pointing  infor¬ 
mation,  tha  uae  of  two  sensing  heads  is  req¬ 
uired,  The  two  heada  may  hava  arbitrarily 
skewed  or  orthogonal  pointing  axes. 

The  dealrable  approach  ualng  the  holo¬ 
graphic  technique  with  its  Inherent  advantage 


of  speed  in  processing  the  information  (due  to 
tha  elimination  of  the  computer)  and  the  simpli¬ 
fied  optical  system  is  presently  in  the  develop¬ 
ment  atage,  Although  initial  feasibility  has 
been  demonstrated  in  the  laboratory,  the  deter¬ 
mination  of  the  accuracy  to  which  a  star  field 
can  be  located  aa  a  function  of  the  spacecraft 
stabilisation  and  the  site  of  the  holographic 
memory  have  yet  to  be  determined.  Also, 
further  development  la  needed  for  an  erasable 
input  medium  exhibiting  recognition  capabil¬ 
ities  with  aignal-to-nolae  ratios  of  aeveral  hun¬ 
dred  to  one.  It  is  expected,  however,  that 
thase  problems  can  be  solved  within  tha  next 
few  years  and  that  modern  optical  methods  will 
be  a  demonstrated  powerful  technique  for  space¬ 
craft  navigation  and  guidance, 
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SUB-ARC  SECOND  STAR  SENSORS,  DESIGN  AND  FABRICATION1 
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AHTOiCT 

Currant  and  future  requirements  for  atar  aanaora  In  the  sub-arc 
aaeond  ration  favor  Itarmappert  ovar  Itar  Traekers  bacauaa  of  tha 
lattar'a  mechanical  complexity,  Work  at  Control  Data  haa  coneantratid 
(Inca  1961  on  Itarnagspara  in  which  atar  imegei  tranalt  alita  in  tha 
focal  aurfaca  of  a  wlda-angla  optical  ayatam.  Tha  varlaty  of  apaoa 
vahicla  motions  causes  a  corresponding  varlaty  in  atar  aanaor  daalgna, 
including  tha  choica  batwaan  an  internally  drlvan  ratlcla  and  a  no- 
moving-parts  system  which  uaaa  vanlela  motion  for  aoan  ganaratlon, 
Inharantly  concantrlc  optical  ayatama  (catadloptrla  or  all  mirror)  ara 
required  to  maintain  high  quality  imagaa  throughout  tha  flald,  Image 
dlamatara  will  probably  not  bacooa  smeller  than  a  faw  ara  aecondt, 
tharaby  nacaaaltatlng  intarpolation  of  tha  atar  tranalt  pulaa  from  tha 
photodetector.  luccaaaful  thermal  datlgn  of  tha  cenaor  avolda  temper- 
ature  gradlanta  and  parmita  operation  over  wide  ambient  range! .  Fi¬ 
nally,  tha  type  of  photodatactor  choaan  algnlf tcently  influences  the 
daslgn  of  tha  pulse  processing  electronics,  Both  solid  stats  (photo¬ 
diode,  Cdl ,  Celle)  and  photoaalsaive  (FHX)  detectors  ara  examined, 


i.  imwiTiin 

Extremely  prsclaa  star  sensors  can  find  use 
in  a  broad  array  of  applications  from  scientific 
research  to  operational  systems |  from  ground- 
based  Installations  to  spacecraft  components. 

Spacecraft  attitude  detection  it  of  moat 
interaet  in  the  preeant  conference,  but  there  ara 
alto  positioning  requirements  in  ipace--locatlon 
within  tha  tolar  or  satellite  system  via  triangu¬ 
lation,  distance  from  an  extended  body,  and 
direction  to  a  target  body,  There  ara  also  a 
host  of  terrestrial  tasks  which  require  star 
sensing!  astronomical  surveys,  north  atimuth  de¬ 
termination,  polar  motion  and  atraotphuric  tilt 
studies,  continental  drift,  star  position  deter¬ 
mination!  than  on  other  planatai  position  fixing, 
determination  of  spin  dynamics,  studies  of  inter¬ 
nal  matt  distributions  (vertical  deflection)  --tha 
possibilities  ara  almost  endless. 


'  Control  Data  Corporation  hat  performed 
numerous  programs  under  Department  of  Defense, 
NASA,  and  company  sponsorship.  The  results  of 
those  programs  art  pertinent  to  the  conclusions 
drawn  in  this  paper, 


All  of  these  appllcatlons--ln  apaoa  and 
ground  basad--raqulra  the  tenting  of  the  direc¬ 
tion  to  a  atar  relative  to  a  coordinate  frame 
located  within  a  atar  tensor,  We  consider  in 
this  paper  only  these  tensors  capable  of  perform¬ 
ing  this  task  in  its  most  precise  form--that  it, 
with  errors  from  one  or  two  arc  seconds  down  to 
one-  or  two-tenths  of  an  arc  aecond,  We  thus 
intend  to  discuss  tensor  performance  which  we 
believe  feasible  in  the  1970's  in  the  areas  ofi 

(a)  operational  spacecraft,  and 

(b)  automated  tools  for  astronomical 
surveying  and  research, 

In  addition  to  tha  requirement  for  tub-aru 
second  accuracy,  we  will  treat  only  those  sensors 
which  are  automatic  in  the  sente  that  no  manual 
intervention  is  required  in  their  operation. 

This  eliminates  such  star  sensors  at  observatory 
telescopes,  theodolites,  photographic  senlth 
tubes,  and  similar  equips*:, t  which  utt  tha  aye  or 
photography  for  the  basic  sensing  element  or  is 
manually  directed,  even  if  aided  by  servos. 

We  have  thus  restricted  ourselves  to  two 
types  of  star  sensors i  Itar  Trtektrt  end 


Starmappere,  and  the  purpoie  of  Chit  paper  will 
b*  to  ec  pat*  thtia  two  In  term*  of  ultimata 
accuracy  (concluding  that  In  loma  application!  thi 
latter  would  ba  a  battar  choice)  and  to  review 
thoia  optical  deaign  and  atar  detection  (elec¬ 
tronic)  technique!  employed  In  Starmappar  ayetema 
to  maxiraiia  performance. 

We  will  not  dlieuae  ayatea  aipecta  in  any 
depth.  Suffice  it  to  aay  that  aanaora  aueh  aa 
thaee  are  oapable--through  multiple  aaaauraaanta 
and  math  modaling--of  providing  ayatem  aceuraelaa 
which  improve  upon  Individual  atar  lighting!  by 
at  much  aa  an  order  of  magnitude  (Refi,  1  and  2), 

ii.  nmmti  m  mi mssai 

The  two  major  eategorlea  of  atar  aanaora 
(after  telaacopaa,  etc.,  ere  eliminated  ei  die* 
cueaed  above)  are  the  relatively  conventional 
Star  Tracker--a  ducendent  of  the  th*odollta--and 
the  newer  ltermapper--an  outgrowth  (principally 
at  CDC)  of  early  work  in  aetrometrice  in  Run  la 
and  aatelllte  tracking  in  thla  country, 

A.  I  tat  Tracker 

The  Star  Tracker,  aa  ahown  In  Fig,  1,  la 
compoaed  of  a  telaicopa  globalad  in  two  axea  ao 
that  it  can  point  in  any  direction.  (Practical 
limitation!  uaually  limit  thla  to  one  hemiiphare.) 
It  li  very  much  like  a  theodolite  except  that  the 
vertical  end  horieontal  circle!  have  bean  replac¬ 
ed  by  angle  encodara  end  the  focal  plane  of  the 
telaicopa  contalne  photoelectric  ianaora  for  de¬ 
termining  the  location  of  the  itar  within  the 
optical  field  of  view, 

lervoe  are  alao  mounted  on  each  axle  for 
the  purpoie  of  acquiring  the  atar  on  oomnand  from 
the  computer  and  driving  the  itar  to  the  center 
of  the  field  of  view  baaed  on  error  algnala  from 
the  telaicopa  detection  electronic!,  Thui,  an 
approximate  knowledge. of  the  orientation  of  the 
vehicle  li  uied  to  point  the  teleeoopa  in  the 
general  direction  of  the  dealred  itar  (uaually  a 
few  minutei  of  arc  to  one  degree)  from  whence  the 
internal  control  loop  takea  over  to  praciaely 
point  the  teleaeope.  When  thla  le  complete,  the 
angle  encoder!  are  read  into  the  computer  aa  a 
meaaurement. 

Alternately,  the  photodetectori  themielvei 
can  provide  a  vernier  on  the  angle  encoder  read¬ 
ing!,  thereby  eliminating  the  need  for  preclaa 
control  of  final  pointing. 

An  extenilve  literature  axlita  on  Star 
Trackera,  their  application,  limitation!,  con- 
•tructlon,  etc.  Reference!  3,  1,  and  i  are  per- 
hapa  rcpreaantatlvc  of  the  current  itate  of  the 
art, 

B,  Itarmaaaar 

Alio  ahown  in  Figure  1  la  a  iketch  of  the 
major  Starmapper  concept!.  Briefly,  a  widi-angla 
camera  type  of  optical  ayatem  image!  a  field  of 
atari  onto  e  lilt  pattern  at  the  focal  lurfaca, 
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Fig,  1.  Schematic  Diagram!  of 
Two  Automatic  Star  Senior! 


The  Starmapper  hei  no  glmbali  but  la  rigidly 
attached  to  the  vehicle,  Aa  the  latter  rotatee, 
the  itar  lrnagei  are  carried  ecroia  the  elit 
pattern  producing  a  levin  of  pulaea  from  the 
photoelectric  detector(i),  Thle  puli*  aequence 
la  then  timed  end  relayed  to  the  computer  which 
Identlflei  the  treniiting  atari  and  compute!  a 
pointing  direction  and/or  determine!  the  valuta 
of  varioua  motion  parameter!  (apin  rate,  pre- 
cenlon,  moment!  of  inertia,  etc,), 

There  ere  two  typei  of  Starmapper* t  on* 
having  no  moving  parti  and  depending  upon  the 
body  for  motion  through  the  itar  field,  and  the 
other  containing  an  Internal  reticle  drive  to 
acen  eh*  allti  pair  itar  image*  which  ari  rela¬ 
tively  itatlonary  when  body  rotation  ia  ilow, 

A  number  of  article!  (far  leei  than  for 
Star  Treckeri)  have  been  publlahed  concerning 
Starmappere  and  their  antecedent!,  Serly  Runian 
aatromatrlc  work  Involving  atar  tranilt*  la 
reviewed  in  Ref,  6.  The  ue*  of  illti  in  eh* 
Baker-Nunn  latelllt*  tracking  camera  ia  dlacuiaed 
in  Ref,  7,  Aitroncimleal  aurveylng  application! 
uelng  theodolite!  are  diicuaied  in  Refe,  8,  9, 


A. 
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and  10.  A  oomplataly  automatic  surveying  system 
li  outlined  in  Rafs,  2  and  11.  Batalllta  atti¬ 
tude  determination  la  dlaeuaaad  principally  in 
Rail.  1,  12,  13,  14,  13,  and  li.  Mora  datallad 
rafarancas  ara  dead  lacar, 

C.  Irackar/ttaooar  ComBarlaona 

Tha  fundamental  dlffarancaa  between  a  Star 
Trackar  and  a  Starmappar  ara  llitad  In  Tabla  1. 
Oanarally,  tha  Starmappar  la  a  much  almplar  in¬ 
ternment  mechanically  due  to  tha  abaanca  of  atrvo 
loops,  (lmbal  axaa,  and  angle  ancodara,  Sut  to 
aocompllth  an  aitenelally  almilar  task,  it  auae 
potaaaa  a  wide  21a Id  of  viav  (manured  in  dt|raat 
rathar  than  minutes)  in  ordar  to  scan  a  lufflclant 
number  of  atari,  and  it  la  vary  Important  that 
image  quality  remain  high  over  tha  antlra  field 
alnea  start  can  putt  through  the  field  at  any 
point  and  mutt  be  detected  with  equal  accuracy, 

Tha  Star  Tracker  need  only  have  good  image  qual¬ 
ity  near  tha  canter  of  tha  field  tinea  it  la 
only  with  the  star  centered  that  tha  angle  encod¬ 
ers  ara  read, 


Tabla  1,  Comparison  of 
Star  Sensor  Characteristics 
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On  tha  Star  Tracker  ledger  ara  ite  graatar 
versatility  ralativa  to  star  field  density,  its 
applicability  to  daytime  operation,  its  mere 
intuitive  operation  (almost  identical  to  tha 
theodolite),  and  its  reduced  load  on  tha  computer. 

Thus,  on  tha  one  hand,  wa  have  an  instrument 
of  great  mechanical  simplicity  (to  tha  point  of  no 
moving  parts),  and,  on  tha  other  hand,  an  instru¬ 
ment  of  apparently  mors  versatile  usagf  and  cer¬ 
tainly  on*  of  lungar  historic  acceptance, 

However,  whan  vlawad  in  terms  of  system 
accuracy,  and  whan  that  accuracy  requirement  is 
specified  in  tenths  of  an  arc  second,  than  one 
must  concluda--providad  tha  particular  applica¬ 
tion  by  its* If  does  not  favor  one  instrument  form 
ovar  tha  oth*r--that  tha  elimination  of  moving 


part*  is  a  daflnlta  advantage,  Moving  parti  mean 
varying  atraaaaa,  changes  in  lubrication  films, 
alow  wearing  of  th*  surfaces,  and  torques  applied 
to  othar  mambara  of  tha  aystam  (altering  perhaps 
th*  orientation  avar  to  slightly) ,  Th*  require¬ 
ment*  for  mechanical  balanca  and  cancellation 
tachniquaa  la  naarly  uniurmountable.  Constant 
calibration  bacomaa  much  mora  Involved  because 
of  th*  many  configuration!  of  th*  aanaor  which 
muat  ba  checked. 

In  short,  tiny  systematic  arrora  (a  too 
large  ball  in  the  race,  *,g.)  which  refuse  to 
relant  to  calibration,  are  preaant  in  all  maasura- 
mant  aystam*  but  gat  rapidly  out  of  hand  whan 
moving  parts  ara  encountered, 

Thus  it  is  tha  author's  point  of  view  that 
for  oartaln  of  th*  moat  praclat  applications-- 
in  space  or  on  th*  planati»-ths  Starmappar  potaae- 
as  an  ultimate  accuracy  potential  which  th*  Star 
Trackar  lacks, 

Another  comparison  batwaan  Star  Trackers 
and  Itarmappers  (and  one  far  lass  likely  to  gat 
the  author  boiled  in  oil)  can  be  mada  on  th* 
bail*  of  body  spin  rat*  as  shown  in  Fig.  2. 
Vehicles  with  rapid  rotation  rataa  ara  ldaally 
suited  to  Starmappar*  wharaas  those  applications 
tandlng  toward  inartlally  stable  platforms  ara 
mora  suitable  for  Star  Trackar!  or  require  Star- 
mappers  with  internal  scan. 
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Fig.  2,  Applicability  of  Star  Trackers  and 
Starmappar!  to  Vahlclae  with  a 
Wide  Rang*  of  Spin  Ratal 


Th*  ebova  accuracy  comments  apply  alio  to 
intsrnsl  scan  Searmappsrs  (though  only  on*  part 
is  involved).  It  could  ba  that  a  body  with  no 
motion  whatsosvsr  ralativa  to  tha  etar  can  have 
its  orientation  precisely  manured  (automatically) 
only  with  vaty  great  difficulty, 
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Ill,  SIAgMAMKR  DESIGN 

The  Starmapper  aenaor  achieve!  ita  eub-arc 
aeeond  performance  through  a  combination  of  high 
quality  optica  and  alactronic  interpolation  of 
the  trenait  pulae, 

Analyaia  (Refa,  17  and  18),  experiment 
(Ref.  19),  and  flight  performance  (Refa.  1  and 
20)  damonatrate  that  the  image  of  a  atar  can  be 
interpolated--that  ia,  have  ita  canter  located  to 
within  aoi&e  fraction  of  the  total  image  iiaa--by 
e  factoi  approximately  equal  to  the  algnal  to 
noiaa  ratio,  Thua,  if,  for  example,  individual 
atar  tranaita  were  dtaired  to  0,3  arc  aeeond,  and 
the  aperture  were  auch  aa  to  provide  a  S/H  ■  10, 
then  the  diameter  of  the  optical  image  can  be  five 
arc  aeconda.  furthermore,  for  0,5  arc  aa.  ond 
individual  tranaita,  a  ayatem  accuracy  of  0,1  ere 
aeeond  or  batter  can  be  achieved  through  over- 
determination,  Thua,  ayatem  accuradaa  are  often 
50  tinea  batter  than  optical  image  diameter! 

Thia  complementary  rola--optiea/detaction-- 
raquirea  excaaalve  performance  from  neither 
component,  The  eleetronlca  need  be  atable  only 
over  the  time  duration  of  the  trenait  and  the 
optical  imaga  can  be  much  larger  than  the  final 
dealred  ayatem  performance, 

In  the  following  two  aactlona  we  examine 
each  of  theaa  major  componenta  of  the  Starraapper 
ayatem,  illuatratlng  varioua  dealgn  tachniquea 
and  pointing  out  their  relative  narlta  and  penal- 
tiea,  Quite  obvloualy  we  will  not  cover  all 
aapacta  of  Starmapper  dealgn,  The  optical  and 
detection  ayatema,  howevar,  have  undergone  con- 
aiderable  development  over  the  peat  few  yeara  and 
thua  merit  apeclal  attention  et  the  preaent  time 
though  there  ahould  be  no  Implication  that  thaae 
developmenta  are  complete, 

SnUstl  fiyiKim 

The  optical  ayatem  for  a  praclalon  Star- 
mapper  mutt  have  both  a  camera-type  field  of  view 
(from  a  few  degreea  to  e  few  tent  of  degrnea)  and 
an  Image  diameter  of  a  few  arc  aeconda  throughout 
thia  field,  Thlt  combination  la  uaually  contra¬ 
dictory  alnce  image  quality,  in  the  clataical 
tenia,  la  a  atrong  function  of  off-axia  angle. 

The  image  diameter  (arc  aeconda)  for  a  tingle  lent 
lncreaaae  aa  8,  where  8  ia  the  off-xxia  angle, 
for  a  parabola,  the  dependence  la  82,  (Set  Ref, 
21.)  With  good  Imagery  over  e  wide  field,  how¬ 
ever,  the  acnaor  ancountera  a  auffldent  number 
of  atara  and  each  la  meetured  with  equal  accuracy. 
Tha  optical  dealgn  poaaataing  theaa  propertlat, 
while  at  tha  tame  time  remaining  aimpla  and  eaay 
to  manufacture,  la  the  concentric  optical  ayatem 
of  Bouwera  and  Hakautov, 

In  tha  1930' a  and  A0 'a  it  waa  racognlaed  by 
a  number  of  inveatigatora  that  a  ephtrlcal  mirror 
with  the  aperture  atop  placed  et  the  center  of 


J  Thia  ia  the  diffraction  limit  for  a  1.8  in, 
diameter  aperture. 


curvature  waa  by  definition  completely  frae  of 
coma,  aatlgnatlam,  diatortlon,  and  chromaclam  aa 
wall  et  having  a  very  nearly  180  degree  field  of 
view,  Ita  dlaadvantagae  are  apherlcal  aberra¬ 
tion,  curvature  of  field,  and  a  focal  aurfaca 
located  within  the  optical  ayatem  ltaelf.  In 
terma  of  Starmappar  utage,  curvature  of  flald  la 
circumvented  by  conforming  the  photodecector  to 
the  focal  aurfaca,  (Thia  la  dlacuiaad  latar  near 
Tig.  9  .)  An  Internal  focal  aurfaca  ia  detrimen¬ 
tal  in  that  it  blocka  light  entering  the  aperture 
and  it  it  relatively  lnacceeelble,  Tha  latter 
ia  no  problem  for  alactronic  photodetactora  alnca 
aceeaa  la  required  only  for  initial  aaaamblyj 
light  blocking  la  one  of  tha  inevitable  nagatlvaa 
preaent  in  any  dealgn  though  it  can  uaually  ba 
kept  to  25%  or  30%  of  the  total  aperture, 

Thua,  tha  apharieal  mirror  with  eantared 
aperture  aaerna  well  aultad  to  the  Starmapper 
concept  if  apherlcal  aberration  can  be  eliminat¬ 
ed,  During  the  1940 ' a  aevaral  publicetiona-- 
moat  notably  that  of  Makeutov  (Ref,  22)  and 
louwera  (Raf,  23),  demonatrated  that  a  concen¬ 
tric  meniaeue  could  correct  the  apherlcal  aberra¬ 
tion  of  the  mirror  without  effecting  any  of  the 
other  uaeful  proportlea  except  for  e  amall  amount 
of  color  introduced  by  the  meniacua  ltaelf.  Thia 
color  la  then  reduced  by  ualng  an  achromatic 
meniacua,  alao  dlacuiaad  by  Makeutov,  Bouwera, 
and  eapacielly  Taylor  (Raf,  2A) ,  Finally,  e 
Schmidt-type  aapharlc  corrector  plate  (invented 
aa  early  aa  1929  (Ref,  23J  can  be  located  at  tha 
aperture  tc  eliminate  the  reeldual  apherlcal 
aberration  at  the  expenaa  of  alight  off-axia 
degradation,  The  configuration  recommended  for 
a  particular  Starmapper  depend!  on  the  required 
flald  of  view,  f/number,  and  photodetector  apee- 
tral  region, 

LmaU-Bisign 

A  numerical  example  will  help  to  llluatreta 
thaac  feeturai  of  tha  concentric  optical  eyatan, 
let  ua  atart  with  the  baalc  optical  configura¬ 
tion  ahown  in  Figure  3,  let  it  be  an  f/2.0  aya¬ 
tem  which  we  with  to  daaigr,  for  an  a -11  detector 
raaponae  (3200  to  8200  Angatroma)  which  peake  at 


wtNiecus  coMtcTOR 


Fig.  3,  Illuitratlva  Cron-Section  of 
Starmapper  Concentric  Dealgn 


\ 
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4200  Angstroms,  (For  tht  moment  wi  l«iv«  the  max¬ 
imum  off-axis  angle  unspecified, ) 

Looking  ahead  to  th«  correction  for  color, 
we  must  flrit  choose  a  pair  o'  glassae  whole  In¬ 
dicia!  cron  near  4200  Angstroms,  While  not 
necaeiary,  the  advantage  to  this  selection  la  that 
the  meniscus  becomes,  at  tha  aelected  wavelength, 
a  lolld  piece  of  glass  whole  radii  can  be  varied 
to  optinlia  monochromatic  performance,  Tha 
correction  fur  color  In  the  neighboring  wave¬ 
length!  than  become!  eaelar  beciuie  one  la  already 
guaranteed  good  performance  for  at  leaet  one  wave¬ 
length,  Systems  hive  bean  daalgnad  for  wave¬ 
length  region!  quite  different  from  that  at  which 
tha  lndlclec  are  equal.  However,  thle  coneidsra- 
bly  complicate!  the  dedelon  proceee  and  le  not  ae 
all-lntultlva  ae  designing  near  a  "eroeelng"  wave¬ 
length, 


thle  la  normalised  relative  to  the  aperture,  then 
£,  ■  f/no,  ■  2.0.  Let  ue  choota  R^  ■  -4.J6  for  a 
epeclflc  deelgn.  Then 

■(r[  ’  Rj)  -°’15M66  <2> 

The  advantage  of  thle  equation  llee  In  the  fact 
that,  while  It  le  derived  only  for  paraxial  raya, 
It  ie  a  trua  ralatlonahlp  even  for  raya  of  large 
aperture  height.  In  the  ray-trace  program,'  a 
concentric  element  combination  of  R3,  R,,  R^,  and 
menlecue  index  n  le  found  to  focue  marginal  reye 
at  tha  point  f(  given  by  Hq,  (1).  Thua,  for  a 
given  f,,  fy,  and  n  (the  parametere  uiually  choe- 
en  flrit),  Eq.  (2)  raaucee  the  deelgn  teak  to  the 
eyatamatlc  lnveetlgatlon  of  only  one  parameter,  - 
not  two. 


A  review  of  the  Schott  glaee  catalog  (or 
any  glaee  catalog  having  the  requlalta  data)  ahowe 
that  eeveral  glaee  pain  have  Indlclea  which  are 
equal  near  4200  Angstroms,*1  Let  ue  chooae  ZK5 
and  LLFt,  whole  lndlclee  era  plotted  In  Figure  4. 

Flrit  order  optical  daiign  then  ahowe  Chat 
the  ayatam  focal  length  f§  (poaltiva),  mirror 
radlue  R^  (negative),  and  menlecue  radii  R^  end 
Rj  (negative)  of  a  concentric  ayatam  are  related 
it  the  deelgn  wavelength  by 


U) 


where  n  le  the  (common)  Index  of  refraction.9  If 


Fig,  4.  Cliee  Pairs  ere  Choeen  for  the 
Menlecue  Bated  upon  Their  Indlcee 
Being  Equal  at  tha  Deelgn  Wavelength 


To  be  epeclflc,  we  merely  chooea  a  eeriei 
of  R^  veluaa ,  compute  R3  from  tha  above  equation, 
and  perform  a  computer  ray-trace  on  each  raeult- 
lng  ayetam.  For  the  numerical  example,  Fig,  1  le 
the  out co  *  from  which  wa  lmoadlately  eee  that 
F ^  •  -1.6250,  R-  ■  -2,1114  le  tha  preferred 


Such  a  review  le  baet  carried  out  via  a 
computer  program  which  ueea  the  Index  coeffi¬ 
cient!  published  In  the  catalog,  At  CDC  a  table 
of  all  euch  glaee  pain  together  with  their  dle- 
pertlone  and  coamon  lndlclee  hee  baen  published 
frua  3630  Aagstroau  to  8332  Angatrome. 

5  Equation  (1)  can  be  derived  from  any  stan¬ 
dard  optical  text,  e.g.,  Ref,  26,  p,  57 


The  closer  R^  comae  to  -2  x  f  ,  the  thinner 
will  be  the  nenUcue.  s 

The  ray-traca  program  most  ueed  at  CDC  was 
originally  daalgnad  by  S.  Brawar  of  the  Acroepaca 
Corporation  and  adapted  to  our  needs  through  fre¬ 
quent  add-one  end  revisions.  This  le  a  continu¬ 
ous  procaae,  aa  la  to  be  expected,  end  the  pro¬ 
gram  lende  itself  very  nicely  to  theee  changes. 
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dailgn  which  minimi***  blur  ipot  *1**  even  though 
til  point*  In  th*  figure  latiiflad  Bq ,  (1), 
this  1*  in  excellent  Uluttrttlsn  of  «n*lytlc«l 
tool*  being  u**d  to  r«duc*  th*  computational 
load.) 

W«  hav*  thu*  found  a  monochromatic  daalgn 
with  vary  good  Imagery  at  any  off-axla  angla. 

Th*  *ph*rical  aberration  of  eh*  mirror  alon* 
amountad  to  16C0  arc  aaconda,  W*  have  thu* 
achieved  •  factor  of  400  Improvement  by  th*  addi¬ 
tion  of  th*  concentric  manlacua,  Th*  blur  *pot 
can  b*  further  raducad  at  thi*  point  (and  at  thl* 
wavalangth)  by  placing  an  atpharlc  corrector  plat* 
at  th*  apartura  atop,  (fa*  below,)  However, 
th*  blur  *pot  alia  achieved  In  Tlgura  3  1*  auffl- 
clant  for  th*  praiant  llluatration, 

To  extend  thl*  performance  to  other  color*, 
w*  need  to  **l*ct  an  lntarfaca  position  and  radlua 
of  curvature,  Thi*  1*  a  much  mor*  difficult  taak 
requiring  lnv**tlgatlon  of  many  wavelength*  *nd 
dicldon*  whether  to  •■crlflc*  *om*  portion  of 
th*  tpectrum  for  another.*  Th*  ray-tree*  program 
1*  run  at  30  uniformly  apacad  wavalangth*  in  th* 
rang*  3130  Angitrom*  to  6200  Angatren*.  Th*  max¬ 
imum  blur  ipot  dioanalon  la  automatically  plotted 
at  a  function  of  wavalangth,  Tlgura  6  ihowa  torn* 
of  th*  raaulta  for  aavaral  valuaa  of  th*  radlua 
of  curvature  Rj  of  th*  mtnliou*  interface ,  A 
dailgn  near  R,  ■  7,3  and  t^  ■  0,2  would  probably 
h*  a  good  combination  producing  lmaga  diameter* 
undar  *<x  arc  laconda  from  4000  Angatrom*  to  3000 
Angatroma , 

Tha  introduction  of  an  lntarfaca  into  tha 
manlacu*  deitroya  th*  pur*  concentricity  of  th* 


Tig.  6,  Optical  Syitwn  Color  Anelyali  a*  * 
Function  of  Wsnlacu*  Int*rf*c*  Radiu*  of  Curvature 


A  controlled  method  of  evaluating  color 
correction  la  to  integrate  th*  product  of  th* 
detector  *p«ctral  ratpone*  and  th*  maximum  per¬ 
cent  of  blur  (pot  energy  paning  through  th* 
■lit,  Th*  dailgn  talk  1*  than  to  aaximli*  thl* 
Integral  through  manipulation  of  the  aurftc**, 


original  dailgn.  That  thla  la  a  vary  minor  prob¬ 
lem  with  concentric  *y*t*m*  1*  ihown  by  th*  ipot 
diagram*  of  Flgur*  7, 

2.  Aapharlc* 

Thera  1*  uiually  not  much  point  in  derail¬ 
ing  th*  blur  circl*  diameter  below  ■  f*u  arc 
«*condi  ilr.c*  chi*  1*  th*  diffraction  limit  for 
aperture*  ef  a  f*w  inch**,  Th*  ilmpl*  manlacua 
dlicuaied  abov*  1*  thu*  efficient  for  optical 
lyitem*  with  f/no,  2  2,  Should  th*  f/ no.  ap¬ 
proach  one,  tha  raquiilt*  Image  quality  become* 
harder  to  achieve,  at  ihown  in  fig,  8  (taken  from 
page  433  of  kef,  21) , 


Fig,  7,  Off-axla  and  Color  Parformanca  of 
Example  Dealgu 


Fig,  8.  Spot  Diameter  la  a  Strong  Function  of 
f/no.  and  Can  Be  Orratly  Reduced  by  tiling  an 
Aapheric  Corrector 
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An  aepherlc  plat*  placed  at  th*  aptrtuta 
•top  can  significantly  taduc*  Image  alia  «•  alto 
•aan  In  rig,  8.  The  apartut*  la  tha  proper  place 
for  tha  aapharlc  aa  It  1*  there  that  tha  laatt 
affect  on  off-axla  Image  a  will  occur.  To  under* 
atand  thla,  not*  that  tha  aapharlc  aurfaca  la  da* 
algnad  to  correct  raya  that  ar*  a  given  diatance 
radially  from  th*  apartur*  canter.  If  th*  daalgn 
la  tailored  to  th*  on-*xi*  bundle  of  raya,  then  a 
bundle  of  raya  arriving  froa  iota*  other  angle  will 
atrlk*  eh*  aapharlc  at  ellghtly  different  poll* 
tlonai  thereby  undergoing  ellghtly  different  (and 
parhapa  not  optimum)  correction*,  With  tha 
aepherlc  aooewheri  alia,  however,  (e.g.,  on  the 
mirror  eurfaea)  the  difference  In  correction 
would  be  elgnlflcant  elnc*  th*  effective  "height" 
of  a  ray  atrlklng  eh*  eurfaea  at  a  given  point 
would  vary  with  tha  off«exla  angle. 

In  auasaary,  th*  ue*  of  any  aepherlc  degrade* 
the  "concentricity"  of  the  deelgn.  The  lent  pen* 
alty  la  paid,  however,  by  locating  thla  aurfaca 
at  th*  aperture  atop  or  th*  center  of  curvatura  of 
the  other  element*. 

In  tarma  of  color  correction,  th*  aapharlc 
appaara  to  aubtract  an  amount  from  th*  blur  circle 
diameter  which  la  th*  earn*  for  all  wavelength*, 

Thua  th*  dagra*  of  color  correction  provided  by 
th*  menticua  Interface  la  approximately  preaarved 
when  an  aapharlc  ll  added. 

3.  optical  mm amum 

The  concentric  optical  ayatem  dlacuiaed 
her*  contain*  only  thra*  elemental  two  placet  of 
glaaa  and  on*  mirror.  All  five  aurfacet  are 
apherlcal,  making  tha  fabrication  teak  quit*  In* 
axpanalve  relative  to  tha  uaual  9  to  11  alamant 
refractive  ayatama.  Howavar,  too*  naw  technique* 
for  maaaurlng  praclaaly  th*  radlua  of  curvature 
of  th*  aurfaca*  have  had  to  b*  developed.  Xheaa 
conilat  of  e  combination  of  gauge  block*  and  large 
dlamatar  apharomatara  to  obtain  cccuraela*  of 
bettar  than  on*  mil.  Theoretical  tolerance  analy- 
ala  ahowa  that  two  and,  for  iota*  aurfacaa,  three 
mils  can  ba  permitted  without  airloua  dagradatlon 
In  Image  quality,  but  a  ftw  critical  paramatara 
(aapeclally  the  antranca  faca  of  th*  manlacua) 
ahsuld  ba  within  ,0005  In.  of  tha  daalgn  value, 

fabrication  of  tha  aapharlc  la  a  more  diffi¬ 
cult  talk  but  la  again  aldad  by  tha  computer  and 
hy  tha  fact  that  th*  aaphtric  la  raquirad  only  to 
parform  vary  alight  "correction*. "  Thua  vary 
Uttl*  deviation  from  a  plana  la  raquirad  which 
make*  poaalbl*  tha  ua*  of  lntarfaranca  frlngaa  aa 
a  maaaurlng  taehnlqu*.  During  th*  daalgn  of  tha 
aapharlc,  th*  computar  can  alio  produce  tha  da* 
alrad  fringe  pattern  (via  a.g.  a  Cal-Comp  plotter). 
Thla  pattarn  can  than  b*  uaad  aa  a  direct  overlay 
to  chick  tha  work, 

Th*  dealgn  end  fabrication  of  the  lent  houa- 
Ing  la  vitally  Important  froa  tha  itandpoint  of 
maintaining  proper  aeparttlon  between  th*  mirror 
and  th*  focal  aurface  (mounted  integrally  with  th* 
menlicui  corrector),  Thla  dl«tanea-*tha  back 
focal  length--muat  ba  held  couatant  over  ea  wide  * 


temperature  rang*  aa  poaalbl*.  for  th*  concen¬ 
tric  ayetem  th*  glaea  land!  can  b*  located  in 
euch  *  way  that  houilng  expanelon  ie  counteracted 
by  oenltcua  expanelon  to  produce  a  conatant  back 
focal  length. 

4.  fhvalcal  Slat 

Narrow  field,  high  raaolution  talaacopaa, 
auch  a*  uaad  In  Star  Tracker*,  ar*  uaually  of 
quit*  long  fooal  length.  Th*  reaeon  for  thla  la 
that  the  photodatactor  (aueh  aa  an  array  of 
diodaa  or  an  image  dlaiactor)  haa  raaolution 
uaually  leet  then  1,000  linti/ln.  If  each  aunh 
element  li  to.be,  eey,  five  arc  eeeonde,  a  focal 
length  of  10"v(3x  J  x  10'®)«  40  In,  1*  required, 
To  maintain  raaionable  phyaloal  ai*«  for  aaro- 
epaa*  application! ,  folded  and  caaargraln  ayatama 
era,  tharafora,  normal. 

Btarmappar  ayatama,  on  tha  other  hand,  mak* 
excellent  ua*  of  abort  focal  .Vangtha  fot  equally 
ooopalling  raaaona,  In  tha  flrat  plate,  th*  wide 
field  of  view  would  create  an  axeaailvely  large 
fecal  lurtac*  for  long  fooal  length* .  A  40  In. 
focal  length  and  20°  field  of  vlaw  maani  that  th* 
photodateetor  would  be  13  In.  In  dlamatar!  An 
ordar  of  magnitude  amaller  la  dailrad,  further¬ 
more,  th*  raaolution  aliment  li  defined  ea  th* 
flnenaia  of  th*  tilt  edge,  Thli  can  b*  held  to 
20  to  40  mlcroinohaa  which,  over  a  ona  Inch 
eurfaea,  la  a  llnaa/lnch  equivalent  of  23  to 
30  thouaand,  Thua,  not  only  la  It  daairabl*  to 
hava  abort  fooal  length*  in  Starmapparai  It  la 
quit*  poaalbla  alio. 

line*  tha  barrel  length  of  a  concentric 
ayat.am  1*  roughly  two  and  on**half  timaa  th* 
focal  length,  wa  have  tha  ginera..  reault  that  th* 
folded  or  ceaeegreln  ayatem  la  approximately  tha 
•  aa*  ala*  aa  *  concantrlc  ayitirn. 

a.  frtisUah  mUim  la&uaalitlaa 

Aa  the  atar  imago  move*  aoroaa  tha  alit, 
tha  photodatactor  output  rlaaa  to  a  maximum  and 
fall*  back  to  It*  ataady  acata  value  In  a  manner 
which  la  delayed  and  parhapa  dlatortad  from  tha 
original  light  pula*.  Thla  original  pula*  la 
highly  aymatrlc  dua  to  tha  .  're  takan  in  caalgn- 
Ing  th*  optical  ayatem  and  In  arranging  tha  illta. 
Thla  aymatry  la  malntalnad  If  (a)  th*  datactor 
la  fait  (aueh  aa  a  FKX  or  photodiode) ,  and  (b) 
tha  following  elnctronlc*  la  daaignad  to  praaarv* 
tha  original  ahapa.  for  alow  datactor*  (In  rela¬ 
tion  to  th*  atar  tranalt  time),  tha  output  pula* 
will  probably  not  be  symmetric.  In  that  ran, 
detection  suit  rely  on  a  alngla  aid*  of  tha 
pula*,  aueh  aa  tha  leading  edge. 

Safer*  dlacuaalng  apaelfic  electronic  tech¬ 
nique*  uaad  to  elm*  th*  tranalt  of  a  star  seioi. 
a  alit,  lat  ua  flrat  cover  th*  problem  of  matching 
a  (generally  flat)  photodatactor  to  a  curved 
focal  aurfaca, 

1.  Curved  focal  Surface 

Tha  wld*  field  uaually  uaad  In  tha  eoticen- 
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trie  system  makes  eh«  focal  turf  ace  curvad,  there¬ 
by  requiring  thet  photodatactori  or  other  defining 
eleaenti--iueh  ee  alite--mvat  conform  to  thle 
curveture  to  remain  In  focus. 

Approximating  the  curved  surface  by  a  plana 
severely  restricts  the  focussed  field  of  vise,  If 
an  Image  alia  Increase  of  or  radians  is  allowable, 
than  It  can  be  shown  that  the  focussed  70V  la 


70V  s  4/F3" 


where  F  la  the  f/no.  for  7*2  end  or  ■  1  tec, 

70V  <  3/4  deg,  Thus,  for  70V  values  of  several 
degrees  or  more,  eons  means  muat  be  found  to 
affect  physical  curvature  of  the  detection  ele¬ 
ments, 

Figure  9  Illustrates  several  methods  of  deal¬ 
ing  with  a  curved  focal  surface,  Others  can  prob¬ 
ably  be  Invented,  lech  requires  careful  consid¬ 
eration  of  such  things  ae  the  photodatector, 
detector  or  slit  pattern,  fiber  optic  technology, 
and  crystal  deformation  possibilities , 

All  of  the  methods  shown  In  7lgura  9  have 
bean  tried,  b  and  D  have  bean  most  aucceaaful  to 
data.  A  and  0  appear  promising  since  for  A, 
fractional  deformation  is  usually  small,  and  for 
C,  the  fibers  are  already  part  of  a  larger  face¬ 
plate,  thus  eliminating  the  handling  required  In 
alternate  I, 


2.  EiJuttSat/AaaUiiii 

Figure  10  llluatrctes  three  detactor/elec- 
tronlce  associations ,  Each  has  lta  own  set  of 
advantsgae,  disadvantages,  and  special  require¬ 
ments.  The  classical  photomultiplier,  of  course, 
has  the  advantage  of  e  built-in  hlgh-galn,  low- 
nolee  amplifier  which,  in  addition,  la  vary  faat, 
thereby  preiervlng  the  pule*  thep*  of  the  Incom¬ 
ing  light,  In  addition  to  this,  and  moat  Impor¬ 
tant  for  low-llght-laval  work,  the  baele  photo- 
conversion  proc«sa--eh*  photoemieelv*  turfeoo--ii 
essentially  photon  neleo  limited,  Thet  Is,  the 
surface  Itself  contribute*  very  little  note*  due 
to  "dark"  current.  Agelnet  thia  art  He*  and 
high  voltiga. 

both  the  CdS  end  photodiode  detectors  are 
quit*  email  and  rtqulra  only  lew  voltages,  but 
their  fabrication  problem*  are  not  trivial 
(Ref.  27),  Ileotrlctlly,  carefully  daalgntd  am¬ 
plifier*  mult  be  added  to  each  system,  end  noise 
calculations  ahow  that  eha  detector  itself  la  the 
primary  source, 

A  further  concern  with  eolid-eteta  devices 
la  their  high  Impedance  which  makae  them  especial¬ 
ly  euacaptlble  to  electromagnetic  Interference, 

The  elgnali  ere  to  tiny  that  the  laatt  amount  of 
EMI  gate  amplified  along  with  the  signal,  there¬ 
by  creating  additional  noise,  To  counteract 
thle ,  preamplifiers  ere  micro-packaged  and  placed 
ea  cloaa  to  tha  dstactlng  aliment  ee  possible, 

The  net  affect  la  to  product  a  packaga  behind  tha 


® 

DETECTOR  FABRICATED 
(ETCHED,  DIFFUSED)  ON 
DEFORMED  SURFACE 


DETECTOR  FABRICATED 
(ETCHED,  DIFFUSED)  ON 
GROUND, CURVED  SURFACE 


Fig,  9,  Various  Methods  of  Matching  Fhotodetector  to  a  Curvsd  Focal  Surface 


140 


Fig.  10.  Three  Star  Detection  Schamas 
for  Btarmappera 

focal  aurfaca  which  li,  in  ©oat  caaaa,  approxi¬ 
mately  tha  same  ataa  aa  a  PUT , 

From  a  systems  itandpoint,  tha  solid  itata 
datactlon  method  can  ldantlfy  tha  lilt  which  tha 
atar  croiaad--tha  FKT  ganarally  cannot.  Thla 
idantlf lcation  can  ba  of  algnlflcant  benefit- 
reducing  computation  load--whan  tha  appeoxlmata 
attltuda  la  only  poorly  known  and  whan  aolutlona 
ara  daalrad  quickly.  If  sufficient  computing 
capacity  la  available  (althar  In  volucva  or  length 
of  time  allowed)  than  auch  a  benefit  la  of  lata 
importance,  Either  aolld  atata  or  PMI  dataotora 


are,  of  couraa,  equally  utaful  if  tha  ayttae.  It 
elotaly  following  the  true  attltuda  or  after 
Initial  Identification  la  achieved.  Tha  raaaon 
it  obvloutt  the  traraltt  thamaalvaa  ara  occurr¬ 
ing  at  ralativaly  widely  aaparatad  tlmaa,  thua 
making  tha  occurranct  of  an  ambiguity  (two  tran- 
altt  for  one  potalbla  atar  or  two  atara  for  one 
tranait)  almoat  vuipoaaibla, 

3.  Trandt  Timing 

A  tpeelal  requirement  for  timing  the  tren¬ 
ail  of  a  atar  in  a  Itarmappar  la  tha  wide  dynamic 
range  required,  If  atar  magnltudtt  ara  daalrad 
from  +5®  to  0  ,  thla  rapraianti  a  faetor  of  100 
In  algnal  range,  thla  ean  ba  out  to  about  16  If 
atara  brighter  than  3®  ara  allowed  to  aaturata  tha 
ayatam.  Thia  raaulta  In  only  a  2.7X  loaa  of  tar- 
gata. 

A  variety  of  timing  methods  ara  poaalbla, 
two  of  which  ara  ahown  In  Fig.  10— fixed  and  vari- 
able  biaa  lavala  ,  For  sytanetrio  pulaea,  tha 
tlmaa  of  tha  rlaa  and  fall  of  tha  pulaa  bear  tha 
aama  relatlonahlp  to  tha  peak  and,  therefore,  can 
ba  averaged  to  determine  tha  time  of  tha  peak, 

Tha  algnlflcant  advantage  hart  la  that  no  apacial 
atabllity  criteria  naad  ba  applied  to  the  blaa 
level,  Stability  la  only  required  during  tha 
pulse  ltaalf, 

To  handle  tha  dynamic  range,  aavtral  levels 
could  be  established  ao  that  detection  would  occur 
near  enough  to  tha  pulaa  midpoint  to  encounter  a 
rapidly  changing  algnal, 

If  the  pulaa  la  unaynanatrlc ,  tha  above 
schema  has  to  ba  abandoned  because  a  fixed  blaa 
level  would  give  transit  tlmaa  which  depended  on 
pulaa  height  (aea  Fig,  11).  Such  a  ayatam  aould 
be  calibrated  If  the  detector  output  were  suffi¬ 
ciently  uniform,  but  for  aolld  state  devices 
(especially  narrow-allt  CdS)  it  la  not, 

To  avoid  auch  problems  tha  second  Illustra¬ 
tion  In  Fig,  10  showa  a  i chaos  In  which  tha  pulaa 
traverses  two  channels  one  delayed  and  the 
other  which  datecta  and  holds  tha  peak,  A  fixed 


(b)  AOAPTtYt  HAS  Leva 


Fig,  11,  Tranait  Tima  Xaeturemant  of  Aaaymatrlc  Pulaa 
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friction  of  eh*  paak  v»lu*  (a.g.,  one-half)  l* 
th*n  ui«d  «i  *  bln  voltage  Zor  detection  of  eh* 
dalayad  puli*.  1’h*  puli*  ii  thin  d*e*ce*d  on  it* 
loidlni  *d|«  only  *nd  «t  «  cirtaln  percentage  of 
th*  p*»k  regardlaaa  of  Chi*  p*ak  valu*.  Such  • 
aehama  e*k*i  car*  of  variation*  both  from  it*r 
Intimity  and  datactor  raapsna*  by  tha  Introduc¬ 
tion  of  a  callbratabl*  dalay,  The  accuracy  of 
auch  a  acham*  1*  da pendant  upon  two  character!*- 
tlei  of  tha  pulaai  coealatanoy  of  ahapa  Indapan- 
dint  of  height  and  reaching  Iti  peak  whan  th* 

■ear  Imaga  haa  a  fixed  ralationihlp  ralatlva  to 
tha  illt, 
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IN-ORBIT  STARTRACKER  MISALIGNMENT  ESTIMATION  ON  THE  OAO 


R,  daaJardlna 

Goddard  Bpaoa  Flight  Center 
Greenbelt,  Maryland 


AMIflAfil 

The  praia&t  Orbiting  Aatronomioal  Oburvatory  (OAO-AS)  la  de¬ 
signed  to  point  Ita  optical  uda  to  any  location  on  tha  oalaatial  apbara, 
and  than  maintain  that  pointing  within  oaa  mlnuta  of  aro  whlla  making 
aatronomioal  obaarvatloni,  Thla  la  aooompltahad  undar  control  of  alx 
two-axle  glmballad  atartraokara,  In  ordar  to  anaura  thla  praolalon  tha 
itartraokara  muat  ba  proparly  align  ad  ralatlva  to  aaoh  othar  and  to  tha 
apaoeorsit  itruotura,  Slnoa  thla  allgnmant  can  ohanga  dua  to  tharmal 
and  launch  itraaiaa,  tha  allgnmant  muat  ba  parformad  aftar  tha  apaoa- 
oraft  La  in  orbit, 

Four  mlaallg&msnt  paramatara  ara  modalad  for  aaoh  atartraakin 
tha  thraa  rotational  mlaallgnmanta  about  tha  coordlnata  axaa,  and  a 
null  ahift  In  tha  Innar  gimbal,  Than  two  prooadurta  for  estimating  thaia 
pararaatari  from  ln*orbtt  talamatry  ara  analysed,  Tha  apaolal  pro¬ 
cedure,  which  appllai  whan  tha  apaoaoraft  attltuda  la  parfactly  known, 
lnvolvai  axpraiatng  tha  known  true  dlraotloc  coalnai  of  tha  gulda  atar 
in  term*  of  tha  maaaurad  gimbal  anglaa  and  tha  four  unknown  mliallgn- 
mant  paramatara,  Tha  gtnaral  prooadura,  whloh  appllaa  whan  tha 
ipaoaaraft  attltuda  ii  known  only  to  ba  naar  nominal,  Involvaa  oon- 
■ldaring  tha  trackan  by  patra,  For  aaoh  pair,  tha  known  trua  angle 
batwaan  tha  pair  of  gulda  atari  la  expressed  in  tarma  of  tha  maaaurad 
gimbal  anglaa  and  tha  tight  unknown  mlullgnmant  paramatara, 

Soma  problama  anoountarad  in  tha  uaa  of  thaaa  prooadurta  ara 
briefly  daaaribad,  and  tha  aotual  mlullgnmant  paramatara  aatlmatad 
ln-orblt  on  tha  OAO-A2  ara  praaantad, 


I,  INTRODUCTION 

Tha  Orbiting  Aatronomioal  Obaarvatory  (OAO)  la 
daatgnad  to  maintain  praoiaa  pointing*  in  apaoa  within 
ona  mlnuta  of  aro  undar  tha  oo&trol  of  alx  two-axla 
glmballad  itartraokara.  Suoh  praolalon  cannot  ba 
malntainad  unlaai  tha  itartraokara  ara  allgsad  ralatlva 
to  dm  another  and  to  tha  apaoaoraft  itruotura  to  tha 
uma  ordar  of  magnitude.  Launch  vibration  and  tharmal 
etraaeae  oauaa  allgnmant  daviatioal  whloh  muat  ba 
oilibratad  out  whlla  tha  apaoaoraft  la  in  orbit, 

In  thla  paper,  tha  mathematical  analyaia  of  taeh- 
nlquaa  for  performing  thla  calibration  on  tha  OAO  la 


developed,  Than  tome  problama  paoullar  to  tha  OAO 
ara  dlaouaiad  briefly,  and  aotual  mlullgnmant  param¬ 
eter*  aatlmatad  ln-orblt  on  tha  OAO-A2  ara  praaantad, 

n,  OENERAL  DISCUSSION 

Tha  Orbiting  Aatronomioal  Obaarvatory  (OAO)  waa 
launched  euooeeafully  on  Daoambar  T,  IMS,  Two  daya 
later,  ita  alx  glmballad  atartraokara  ware  turned  on, 
directed  through  a  oomputer-oontrolled  atar  auroh 
pattern,  and  luooeaafUlly  aoquirad  their  predetermined 
guide  atara.  Thun  began  ou  of  tha  moat  complex  con¬ 
trol  procedural  ever  attempted,  aa  tha  Support  Com¬ 
puter  Program  Syatem  (SOPS)  at  Goddard  Space  Flight 
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I 


Center  took  os  the  24-hour-a-day  talk  of  directing  iad 
maintaining  the  apaoeoraft  pointing  udi  to  preasalgnad 
targets  within  on*  minute  of  arc,  Thia  ti  the  design 
pointing  aoouraoy  In  the  ooen a -pointing  modi.  In  whioh 
control  la  derived  from  the  glmballed  sUrtraokcra,1 

Any  deilred  attitude  In  apaoe  can  in  theory  be 
maintained  limply  by  calculating  the  glmbal  anglea  re* 
qulred  to  point  two  or  more  atartraokera  at  predeter¬ 
mined  noBaolllnear  guide  atari,  If  the  traokeri  are 
then  dlreoted  at  then  guide  atari  and  the  actual  glmbal 
anglea  required  to  do  thia  are  obeerved,  the  error 
anglea  between  the  obaerved  and  oomputed  glmbal  anglea 
can  be  prooeaeed  to  provide  oontrol  aigaala  for  ra- 
atorlng  the  apaoeoraft  to  the  nominal  attitude, 

Many  practical  problema  ariaa  to  oomplioata  the 
pioture,  lack  of  oontrol  liability  arleae  for  acme  track¬ 
ing  configurations,  eapeolally  near  oollinearity  of  two 
trackera,  Oooulting  bodiei  are  troublaaome,  epeoifi- 
oally  the  "effective"  earth,  whioh  haa  a  diameter  of  164* 
at  the  600-mila  orbital  altitude  of  the  OAO,  Aa  aaen 
from  the  apaoeoraft,  the  earth  revolvea  about  the  OAO 
onoe  every  orbital  period  (about  100  minutaa).  Thia 
make i  It  naoeaaary  for  the  BCP8  to  provide  alternate 
atartraoker-atar  pain,  whioh  are  a  witched  out  of  or 
Into  the  oontrol  loop  ae  various  gulda  atari  beoome 
occulted  or  unocoulted, 

The  praotlual  problem  being  addreaaed  In  till  a 
paper  la  tha  poat-launoh  alignment  of  the  gimballed 
atartraokera.  Prior  to  launch,  the  atartraokera  are 
prtclaaly  aligned,  In  the  aenee  that  the  dlrectlcna  of 
their  optical  and  glmbal  axea  are  fixed  In  the  control 
coordinate  ayatem.  Tha  misalignment!  from  nominal 
(perfect  orthogonality)  are  then  entered  Into  tha  com¬ 
putational  model  of  the  apaoeoraft  In  the  SC  PS,  an  that 
oorraotloai  to  tha  glmbal  oommanda  can  be  oomputed 
whioh  will  ensure  that  tha  etartraokera  are  aoourately 
pointed,  During  launoh,  however,  violent  atreaaea 
occur  which  change  than  miaaltgnmenta.  On  OAOA2, 
thus  ohangaa  have  been  aa  large  aa  five  aro  minute  a, 
Evan  in  tha  orbital  anvlronment,  thermal  atreeaaa 
cauaa  measurable  ohangaa  In  tha  misalignment!.  On 
OAO-A2,  a  180*  roll  about  tha  apaoeoraft  optical  axil 
causai  ohangaa  greater  than  one  arominute  in  aorae 
mlaaUgnmanta.  It  la  dear  that  auoh  miaalignment 
diaorapanolaa  are  Intolerable  If  tha  dealred  ooarae 
pointing  aoouraoy  of  one  arominuta  la  to  be  maintained, 
Ivn  if  pointing  aoouraoy  were  not  a  problem,  pointing 
precision  la.  Data  quality  la  greatly  degraded  when 
misaligned  traokeri,  dropping  out  of  or  ooreing  Into  the 
oontrol  loop  aa  their  atari  beooma  occulted  or  unoo- 
oultad,  oauae  large  movement  of  tha  apaoacraft  pointing 
axil. 


A,  NoUtional  Praliminarlaa 


Tha  mathamatioi  employed  In  tha  eneuing  antlyaia 
la  almoat  axolualvely  tha  algebra  of  rotatlotii,  sines 
abatraotly  tha  problem  la  one  of  locating  various  three- 
dlmeneional  rectangular  coordinate  ayatema,  with  & 
common  origin,  with  reipeot  to  one  another.  A  nota¬ 
tion  of  tiw  form 


will  mean  that  a  rotation  R  transform!  vector  a  from 
aoma  coordinate  ayatem  i  to  aome  other  coordinate 
ayatem),  Computationally  this  meana  that  If  v‘ la  an 
ordered  triple  rapreaenting  a  fixed  abatraot  vector  v  in 
aoma  coordinate  frame  i,  and  )  la  aoma  other  coordinate 
frame,  then  R  la  tha  matrix  auoh  that  v 1  *  Rvl,  Ob¬ 
viously  then  v1  ■  rt  vj  ,  where  the  auperaorlpt  T  alg- 
nifiai  the  tranipoae,  The  notation 


O — 


will  mean  that  the  transformation  from  the  i  coordinate 
ayatem  to  tha  J  coordinate  ayatem  la  sffeoted  by  routing 
the  1  coordinate  ayatem  in  the  positive  eenae  (right- 
hand  rule)  about  lta  y-axla  through  an  angla  9,  1,  a, , 


where  cS  •  cai  9,  »$  ■  iLnS. 

B,  Mathematical  Model  of  gpaoeoraft 

Tbs  present  application  oonoarns  only  the  relation¬ 
ship!  among  dir  actions  in  apaoei  hence  the  OAO  spaoe- 
oraft  will  be  adequately  modeled  by  oonsiderlng  only 
lta  body-fixed  axea,  'ha  "oontrol"  coordinate  aystem 
c,  ’’'hia  la  a  atandard  right-hand  orthogonal  triad  of 
»xe*  a,.  y,.  •,  (Tig,  1),  The  Wiaconain  Experiment 
Package  (WtP)  experiment  optica  on  OAO- A3  are 
nominally  aligned  to  the  *x, -exist  the  Smithsonian 


1The  follow-on  apaoeoraft  OAO-B  and  OAO-C  will  have  a  fine-pointing  oapeblllty,  in  whioh  oontrol  la  derived 
from  the  experimenter 'a  senior,  These  apaoeoraft  have  dealgn  pointing  acouraclaa  in  the  one  arcaecood  range. 


’  fJ.  • 

:  4." 


Aetrophyaloal  Obeervttory  (SAO)  o*m«ra*  ara  nomi¬ 
nally  aliened  to  tha  -x5-wdi. 


ZENITH 


Tha  i Lx  etartrackera  ara  orlantad  ona  at  aaoh  and 
o.  tha  three  ooordinata  axai,  ai  ahown  in  Fig.  1.  local 
tracker  ooordinata  ayitemi  xk,  yk,  *k,  k  -  1,2,  •  •  • ,  8, 


l'~4.  1,  Control  Axla  Byitem 
and  ttar  Traokar  Otmbal  Looitlona 


are  defined  auoh  that  the  latdth  poaltioc  of  tracker 
k  Ilea  along  tha  *xk-axla,  tha  inner  gimbal  axl*  at 
■enlth9  oolnotdaa  with  tha  y.-axii,  and  tha  outer 
gimbal  axla  oolnaldai  with  the  ik-axli.  Within  tha 
local  traokar  k  ooordinata  lyitem,  tha  outer  and 
inner  glmhal  phaiing  la  defined  aooordlng  to  tha 
right  aioenilon-daollnatlon  convention!  outer  glmhal 
motion  about  tha  i  ( -axIj  li  poiitlva  oountarolock- 
wlia,  inner  gimbal  motion  about  tha  inner  gimbal  axli 
la  poiitlva  clockwlia. 8  Than  ralationihipi  are 
ihown  in  Fig.  2, 

Hanoi  a  atar  In  tha  field  of  view  of  traokar  k 
with  gimbal  anglai  <rk,  uk  (outer,  Inner,  reip.)  hai 


OOX  •  OUflE  OlMEAL  AXI1 

r  •  Ouril  OIMUL  ANOll 

IOX  •  INNII  0  MU.  AX  1 1 
k  ■  INNII  OIMUl  AN  Oil 

N  •  NOEMAL  TO  THE  OIMUL 

PLAN  I  ( plan*  datamlntd 
by  tw*  |lmbal  anti) 


Fig.  2,  Qlmbal  Angle* 


local  ooordinata  * 


Thli  tranaformatlon  la  rapreianted  by  tha  following 
ooordlnata-traniformatlon  diagram: 


Ai  aaoh  of  tha  alx  looal  ooordinata  lyatama  la  nom¬ 
inally  aligned  parallel  to  icrna  control  let  of  axai,  thw 


2 Tha  Inner  gimbal  rldac  In  tha  outer  gimbal,  ao  that  tha  Inner  gimbal  axil  rotetee  with  tha  outer  gimbal,  Hanoi 
tha  Umar  gimbal  udi  oolnaldai  with  tha  yk-axii  only  for  iaro  outer  gimbal  angle. 

3Pbailng  la  defined  In  this  way  for  tha  mathematical  modal  i  phaiing  In  the  phyiloal  apaoaoraft  la  (lightly  differ¬ 
ent  from  that  defined  hare, 


transformation  !t  from  the  oostful  txli  c  to  glmbal  mU  la  alwaya  parallel  to  the  ak-axla,  Hence  so 

the  ayatem  k  ha*  a  matrix  oompoaad  only  of  0,  *li  separate  parameter  la  aeoeaaary  to  represent  thia  ehift. 


Eaoh  auoh  tran (formation  la  rapraaented  by  tha  follow¬ 
ing  diagram  i 


However,  a  null  ablft  d£k  in  the  Inner  glmbal  can 
be  aaparated  from  a  mlaallgnmert  about  the  traokar 
yk-axla  by  taking  a  larga  outer  glmbal  angle,  tiaoe  thia 
(operate*  the  Inner  glmbal  axla  from  the  yk-axla.  (The 
Inner  glmbal  axla  la  parallal  to  the  yk-ajda  only  whan 
the  outer  glmbal  axla  la  aero, ) 

Beoauae  d4k  maaquarada*  aa  46  v  for  aero  outer 
glmbal  angle,  tha  lanse.of  ddk  baa  been  taken  aa  that 

of  dSk,  via, ,  poaitlve  In  the  uaual  right-hand  aanae, 

Thia  la  opposite  to  the  aenaa  of  tha  Inner  glmbal  angle 
itself,  wtUoFTa  that  of  deollnatlob  (declination  la  nega¬ 
tive  In  the  uaual  right-hand  aenaa). 

Thera  ara  of  oourae  aome  miaallgnmenta  present 
at  launoh.  Thaae  miaallgnmenta  are  meaaured  during 
pre-launoh  calibration,  and  are  included  in  the  aoftwar* 
In  the  following  way,  ttrat,  the  Initial  rotational  mia¬ 
allgnmenta  arc  meaaurad  for  eaoh  traoker  and  incor¬ 
porated  aa  an  initial  oonatant  amall-angla  rotation 
matrix  1  *  df,k,  Beoond,  tha  initial  lunar  glmbal  null 
ahlft  la  incorporated  In  auoh  a  way  that  tha  Inner  glmbal 
command  laaued  lneludea  thia  null  ahlft, 

□,  Summary 


Thua  wa  have  defined  the  following  ooordlnate  trans¬ 
formation  models  tor  eaoh  traoker.  In  the  nominal  oaas, 

C,  Mathematical  Model  of  Miaallgnmenta  tha  cuter  and  Inner  girnbad  angle*  o.  ,  ,  reap, ,  ara 

*“  oomputed  beaad  on  tha  known  attitude  of  the  apaoeoraft 

Tbe  mlaallgnmanta  modeled  wera,  flrat,  rotatlcnal  and  tha  known  miaallgnmenta  dfik  i 
misalignment*  6 $k,  d0k,  «tyk (taken  poaltlva  In  tha  oon- 
vactdonal  right-hand  aenaa)  about  a* oh  of  the  traoker  k 
coordinate  axsi  xk,  yk ,  »k,  reap,  Ifcaas  repreaent  an 
arbitrary  mlaallgnmant  oc  the  traoker  k  glmbal  plat¬ 
form  relative  to  the  apaoeoraft  etruoture  aa  a  whole, 

Making  tha  uaual  email-angle  (flrat-order)  approximation ■ 


ca  5;  1  ,  aa  %  a('al  « l) 


the  miaallgnmenta  oan  be  rapraMnted  by  a  amall-aagle 
rotation  matrix 


I 


d» 


d^k  -ridA 

1  d*kj  • 

-ddk  1  / 


Seoond,  there  were  alao  modeled  shift*  of  the  null 
poaitlon  la  the  Inner  and  outer  gimbals,  A  null  shift  la 
the  outer  glmbal  cannot  be  distinguished  from  a  mis¬ 
alignment  about  the  traoker  a k -axis,  tlaoa  the  outer 


Tbs  a  a  glmbal  angles  would  nominally  point  tha  atar- 
trscfcar  k  lina-cf-alght  diraotly  at  tha  target  star,  Due 
to  unknown  misalignment*  d*k ,  dU3ta,  bowavar,  and  to 
tha  fact  that  tha  true  apaoaoraft  attitude  oould  be  aome- 
whet  renewed  from  nominal,  the  traoker  will  not  in 
general  find  the  target  star  at  the  oo amended  angle* 

?k,  Mk,  but  rather  at  meaaured  angle*  rk ,  mJ  slightly 
different  from  ck,  .  Hanos  Inoluding  mlaallgnmanta, 
wa  have  the  following, altuationi 


(Hje  negative  tigs  before  la  due  to  the  faot  that 
Ita  aenaa  Is  opposite  to  that  of  ^,)  Thua  for  a 
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given  itar  being  tracked  by  a  given  traoker,  w»  hava 
the  following  i 


where  Ik'  *  (l  dnk)llh. 

IV.  MMAUQHMtNT  EQUATIONS 
A.  Known  gpacacraft  Attitude 

ttrit,  consider  the  altuatlon  whioh  would  pravail 
If  the  apaoecraft  attltuda  wara  perfectly  knows,  Sup- 
poaa  that  at  this  attltuda  a  cartels  atartraokar  k  view* 
a  fixed  atar,  at  nominal  global  aaglia  o,  u  (outar  aad 
Inner,  raap, ),  Due  to  miaalignmcnta,  howavar,  tha 
■tar  ii  actually  found  at  manured  global  anglaa 
o'  •  a  *  Gox  u'  «m' 


o 


O 


-y 


I  ♦  dg  _  a  *  be  u  +  -  d^3 

- ■©——(> 


-y 


In  ooordltiata  ayatam  k*,  tha  vlawad  itar  haa  ooordl- 
uatas  (1,0,0);  In  coordinate  ayatam  k1,  tha  vlawad  atar 
haa  aoma  ooordlnataa  V,  Working  backward!  from  aya- 
tam  k*  to  ayatam  kj  by  althar  path  ahould  laad  to  tha 
aama  ooordlnataa  V,  Hanca  wa  hava  tha  aquatlom 


/coi(o’*dr)  -  iln  (c  -  £*•)  O' 
liln(o"t^-)  eo»(<T»^7)  0 

\  0  0  l 


'coi  (h  +  Au*  ifi) 
0 

y  *ln  (u  t  -  d£) 


-  iln  <m  f  <V*  -  43) 
0 

coi  (u*  bu"  d£) 


Now  for  an  arbitrary  angla  a  and  a  imall  angla  bo,  wa 
oan  maka  tha  flrat-ordar  approximation! i 


coi  (a  +  to)  fc  cola  -  to  tin  a 
»in(a-to)  %  »lna  *  to  coi  a 


Tha  miaalignmanta  de ,  d S,  df,  d &  are  assumed  small, 
aad  tha  arrora  bo,  bw  must  therefore  likewise  be  small, 
Ktaoa  tha  right-hand  member  of  tha  above  equation  oan 
be  put  In  the  formi 
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Retaining  only  terms  to  first  order  in  tha  email  anglaa, 
wa  hava  i 
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Than  on*  can  ta  >h*ory  dlreot  any  of  th*  flv*  remaining 
gimballed  itartraokera  to  several  atari  aa  outlined  In 
th*  pravioua  notion,  and  datarmina  th*  misalignment* 
aa  daaorlbad,  Thia  prooadura  waa  actually  uaad  during 
tha  aarly  orbital  checkout  to  identify  any  large  mla- 
alignmenta  present, 

Tha  aeiuraptioni  made  do  not  hold  rlgoroualy,  of 
oourae,  and  hence  tha  method  baa  limited  praoialon, 

Tha  fir  at  aaaumptlon,  that  tha  boraaightad  etar- 
traokar  la  aligned  to  tha  tx,-*xla,  la  not  too  aarloua 
for  OAO-AS,  for  tha  axle  of  lntareat  ie  the  WE P  optical 
axla,  and  the  experimenter  ha  a  tha  capability  of  meai' 
urlng  tha  pitch  and  yaw  davtatloni  of  hla  optica  from  tha 
boraaightad  itartraoker  optica,  Thaat  davlationa  oan 
than  be  propagated  through  all  tha  alx  gimballed  atar- 
traoktra  aa  artificial  miaallgnmanta  In  such  a  way  that 
tha  axparlmaatar  optioa  ara  properly  pointed, 


coe  a-  tin 
lin  er  tin  n 

~  COI  jj. 


Thu i  If  for  a  particular  traokar,  ona  reading  of  tha  te¬ 
lemetry  o,  **,  Aa,  Ah  le  glvan,  ona  oan  ganarata  thraa 
•quationi  is  that  traokar 'a  four  unknown  mieallgnmante 
d <t>,  dS,  Hi,  d*3.  If  two  reading!  ara  glvan  representing 
diffarant  pointing*  (and  in  particular,  different  valuta 
of  a),  on*  can  ganarata  alx  equation*  in  tha  four  un¬ 
known*,  and  in  ganaral  four  of  thaaa  will  ba  Independ¬ 
ent,  no  that  a  unique  eolution  may  ba  obtained.  If  mora 
than  four  aquation*  ara  available,  on*  may  obtain  a 
laaet-equarai  eolution. 


Tha  aecond  aaturaption,  that  tha  particular  alde- 
looklng  tracker  choean  acourataly  control*  th*  roll  co¬ 
ordinate,  ia  alio  not  aarioua  for  tha  OAO-AI,  for  tha 
experiment  optioa  ara  not  roll-aanaitlva.  Tha  roll  co¬ 
ordinate  la  uaad  to  maxlmiai  aolar  paddle  power  output 
by  rolling  *o  a*  to  align  tha  aolar  paddle  aa  nearly 
normal  to  tha  aunlina  aa  poiaibla.  But  tha  power  output 
varlaa  Ilka  tha  ooalna  of  tha  deviation  from  thia  optimum 
roll  angle,  and  hanoe  ia  not  aanaltlva  to  flrat-ordar 
variation*. 

Tha  final  aaaumptioa  mantionad  above,  that  tha 
control  ayitem  Mda  tha  apaeaoraft  fixed,  ersatea  a 
lower  bound  on  the  praoialon  obtainable  with  tha  method, 
of  about  19  aroaaoondi,  Thia  order  of  praoialon  haa 
actually  bean  obtained  under  vary  tightly  oonatrainad 
operation*. 


B.  Operational  Conaldarationa 


C.  Unknown  Spacecraft  Attitude 


Tha  situation  daaorlbad  above  prevalli  only  under 
very  artiflolal  olroumatanoea.  On  OAO-A2  tha  above 
prooadura  waa  uaed  to  obtain  initial  rough  aatimatai  of 
tha  poat-launoh  miaallgnmanta  aa  follow*,  Thera  la 
another  itartraoker,  the  boraaightad  etartraoker,  in 
addition  to  th*  gimballed  itartraokera,  mounted  on  th* 
spacecraft,  It*  optical  axla  la  aligned  nominally  along 
tha  'X'-axla.  Thia  itartraoker  waa  directed  at  a  suit¬ 
able  star,  than  commanded  to  hold  the  apaoeoraft  In 
pitob  and  yaw,  while  one  of  tha  aide-looking  gimballed 
itartraokera  waa  dlreoted  at  a  aultabla  star  and  com¬ 
manded  to  hold  tha  apaeaoraft  In  roll.  The  following 
aaiumptiona  are  madar 

I.  Tha  borealghied  itartraoker  la  aligned  to  tha 

♦«,-***• 

II.  Th*  aide-looking  traokar  la  aligned  in  the  roll 
controlling  glmbal 

III.  The  ooctrol  ay  item  holds  tha  apaeaoraft  fixed 


The  dealgn  pointing  accuracy  of  the  OAO-AS  under 
gimballed  itartraoker  control  waa  ona  minute  of  arc, 

To  aohlava  thia  aoouraoy,  gimballed  itartraoker  mis¬ 
alignments  muat  b*  known  to  at  least  tha  aama  order  of 
magnitude.  Henoa  It  ia  daalrad  to  ersate  an  alignment 
•etimation  taohniqu*  which  doea  not  depend  on  knowing 
th*  apaoeoraft  attitude  praolioly. 


Thia  la  aooompllahad  by  oonaidaring  tha  traoking 
itartraokera  by  palra,  On  the  ona  hand,  tha  angle  be¬ 
tween  two  atari  individually  being  traoked  by  two  cor- 
raaponding  itartraoksra  ia  known  preotaely  from  star 
catalogs,  On  tha  othar  hand,  the  angle  between  th* 
traoking  itartraokera  aa  computed  from  the  glmbal  mtae- 
uremnnta  will  differ  from  tli*  true  angle,  and  thia  dis¬ 
crepancy  la  aaiuraed  to  ba  due  to  mlaolignmenti  of  th* 
tracker*  involved,  Consider  th*  following  dlngrami 


o-4-o 

o4® 
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The  computed  dot  produst  between  the  traokere  i  end  1 
le  given  by 


where  c  are  the  meaiured  (  )  coordinate*  of  star 
l (I,)  in  the  control  coordinate  eyitera  (•),  From  the 
diagram  i 


where  the  differential  coefficient!  are  all  evaluated  in 
the  nominal  etate,  i.e,,  aieumlng  aero  mlaaUgnmente, 
For  any  given  data  reading,  the  dieorepancy  Ab  3  b  -  b 1 
la  computed  from  the  known  coordinate*  of  the  itar* 
and  the  data  (the  meatured  angle*  <r4‘,  o  '  >  m  '). 
The  differential  ooeffloient*  are  alio  computed  from  the 
data,  aa  follow*  i 


Ab  *  b  -  b'  3  ■  ?r  -  ?,’•  ■  */• 


to;  s  to;  (»/  •  ■»* )  ■ 
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Similarly  for  traokar  J , 


On  tha  other  hand,  the  true  dot  produot  between  the 
■tare  la  known  from  the  itar  catalog,  and  may  be  ex- 
preiaed  aa  a  function  of  the  (unknown)  misalignment! 
and  tha  (known)  maaaured  anglan 
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(The  coordinate  ayatem  i  la  that  of  the  misaligned  itar* 
traoker  i  glmbal  platform.  Cf.  Fig.  3. )  Hanoi 


Taking  the  dot  product  In  the  1  ‘  coordinate  ayetomi  Evaluating  ■  /  In  the  nominal  atate,  thla  become* 
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The  difference  Ab  ■  b  -  b  lea  function  of  tha  eight  un¬ 
known  miullgnmente  d$,,  d d*(l  dJ,,  d#| ,  dS  , 
di  ,  diij ,  and  hence  may  be  txpraaaed  to  first  order  in 
differential  formi 
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can  ba  computed  ualng  tha  abova  formula*,  dua  to  tha 
symmetry  of  1  and  ),  limply  by  Interchanging  1  and  J, 
Haaoa  tha  following  aquation  In  light  unknown*  ha*  bans 
generated. 
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Altogathar  In  tha  tyitam  of  tha  alx  gtmballad  atar- 
traokara,  thara  ara  24  unlmowne,  and  tha  abova  Eq.  (1) 
may  ba  ragardad  a*  ona  aquation  Is  24  unknown*,  Each 
pair  of  tracking  atartraokara  ganarata*  ona  auoh  aqua¬ 
tion  for  aaoh  data  raiding,  A  tat  of  thraa  tracking  *tar- 
traokara  taken  by  pair*  ganarata*  thraa  auoh  aquations, 
and  In  ganaral  a  ast  of  n  traoklng  atartraokara  ganarata* 
<§)  auoh  aquations  (aomi  redundant), 

Data  raiding*  ara  oollaoted  r*pr*i anting  many  dif¬ 
fer  ant  valuaa  of  o,  m  for  all  traokara,  and  tha  aquation* 
dasortbed  abova  ara  ganoratad,  m  th.li  way  a  large 
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number  cf  equations  in  the  24  unknown  misalignments 
are  generated  ibis  system  of  equations  is  then  solved 
in  the  least-squares  sense.  The  solutions  represent 
the  least-squares  estimates  sought, 

The  quality  c!  the  estimates  obtained  Is  controlled 
by  processing  several  set#  of  data,  ao  that  Um  con¬ 
sistency  of  each  estimate  may  be  monitored,  beveral 
interesting  characteristic*  have  appeared  as  a  result  of 
this  quality  evaluation,  Rome  of  these  features  are 
dlsousaed  in  the  next  teotloc, 

V,  SPECIAL  FEATURES 


Tracker  in  or  out  of  Control  Loop 


There  are  two  tracking  modes  of  atartrackar  oper¬ 
ation.  Is  both  modes,  the  startracxer  is  locked  onto  a 
star  (its  guide  star) ,  and  continuously  reads  out  its 
error  angles  "measui  -i-mlnus-commanded"  In  both 
gimbals. 


m  tha  usual  operational  mode,  the  Auto  Traok 
Mode,  thaae  error  signals  are  then  resolved  into  com¬ 
ponents  of  error  about  each  of  the  three  spacecraft 
control  axes,  and  averaged  with  similar  components 
fron  the  other  tracking  startraokers,  The  average 
error  signals  then  control  the  spinning  up  or  down  of 
lnsrti-i  wheals  to  restore  the  spacecraft  to  its  nominal 
attitude,  It  Is  then  clear  that  tha  error  signals  from  a 
tracker  operating  in  the  Auto  Track  Mode  by  themselves 
give  no  Information  about  the  misalignments  of  that 
traoker  relative  either  to  nominal  or  to  any  other 
tracker,  The  ipaoacr&ft  take*  on  attitudes  near  nom¬ 
inal  in  response  to  all  the  errors  aeon  by  all  the  track¬ 
ing  startrackers  in  the  control  loopi  these  attitudes  are 
away  .'rom  nominal  and  hence  generute  additional  error* 
In  all  the  traoker*  In  the  loop,  Including  the  perfectly 
aligned  tracker*.  Hence  it  is  not  possible  in  the  A*to 
Traok  Motfo  to  aeparate  error*  due  to  misalignment 
from  error*  due  to  other  sources  simply  by  observing 
the  errore  from  one  startracker, 


Another  tracking  mode  of  stanracker  operation, 
the  Foroed  Track  Mode,  Is  also  available,  U  a  star- 
tracker  le  tracking  in  thle  mode  its  error  slgnM*  are 
not  mixed  into  the  control  loco.  (Tha  jpacecraft  at¬ 
titude  muet  be  controlled  by  some  other  moane,  auoh 
as  by  other  glmballed  startup ckers,  by  the  Rate  and 
Position  Senear  (RAPS)  accelerometer  package,  etc.) 

If  attitude  reference  can  be  maintained  in  a  sufficiently 
precise  wny,  then  the  glmbal  error  signals  read  out 
will  actually  repreient  the  ndeallgnmente  of  the  traoker 
with  respect  to  the  reference  coordinates  being  main¬ 
tained.  If  conditions  are  right,  thin  mode  can  be  used 
to  obtain  gross  misalignment  estimates  burly  quickly, 
as  dlsousssd  in  Section  IV.  A 


angles  between  pairs  of  atartraokera  are  involved,  there 
it  no  fixed  reference  In  the  body  axe*  to  whloh  all  the 
trackers  can  be  aligned.  Hence  normally  startraoksr 
#1,  the  forward-looking  traoker,  is  chosen  as  a  refer¬ 
ence  and  aealgned  aero  rotational  misalignment* 
tkrx  =  dS1  =  dk,  =0  (It  may  still  have  a  nonzero  inner 
glmbal  null  shift  d3,).  Then  the  remaining  misalign¬ 
ments  are  estimated  by  the  procedure  described,  The 
experimenter  has  the  capability  of  determining  the  de¬ 
viation  in  pitch  and  yaw  of  his  optica  from  the  star- 
tracker  #1  Une-of-elght,  It  has  already  been  noted  that 
the  experiment  is  not  roll- sensitive,  co  from  that  point 
of  view  It  is  permissible  to  leave  the  roll  reference 
arbitrary. 


iratlon  of  d3  from  ck? 


It  has  turned  out  to  be  more  difficult  than  antici¬ 
pated  to  (operate  d 2  from  dfl.  that  Is,  to  deolue  what 
portion  of  the  error  appearing  about  the  ltmor  glmbal 
axis  1*  duo  to  null  eh* ft  d/J  In  the  Inner  glmbal  and  what 
portion  is  due  to  rotational  misalignment  d$  of  the  glm¬ 
bal  platform  about  the  traoker  y-axls. 


From  Eq.  (1),  assuming  that  the  other  misalign¬ 
ments  have  been  determined,  the  pertinent  equation  for 
some  tracker  1  has  the  ton/, 


When  a-,1  =  0,  the  Inner  glmbal  axis  and  the  y  j-axis 
coincide  i 


Thus  only  the  sum  d5(  *  d/3,  oan  be  determined.  To  sep¬ 
arate  cL3 1  from  d£,,  it  Is  neceaeary  to  take  large  values 
of  o-,’ ,  so  that  the  coefficients 


B .  Misalignment  Reference 

The  24  unknown  misalignments  are  not  all  deter¬ 
mined  by  tha  estimation  procedure.  Start  only  the 


And 


manner  in  which  the  data  are  collected,  this  require¬ 
ment  cannot  be  assured.  For  these  reasons,  It  may  be 
necessary  in  the  continuing  development  of  this  estima¬ 
tion  system  to  perfoim  minimal  variance  estimation  on 
the  data  rather  than  simple  least  squares.  Most  of  the 
analysis  for  such  a  ptveodure  can  be  found  In  Ref,  1. 

VI,  RESULTS 


are  sufficiently  distinct. 

If  »  '  is  small,  then  tn*  difference  between  these 
coefficients  oan  be  approximated  to  flrst-orden 


A.  Launch -induced  Misalignments 

Table  1  lists  the  mlsal  mmenti  estimated  to  have 
been  caused  by  launch  stresses,  The  figures  given  are 
the  differences  between  the  pi  elaunoh  calibration  meas¬ 
urements  and  the  early  in-orbit  estimates,  These 
values  wete  determined  by  a  variety  of  techniques  and 
data  fits,  ai  d  are  given  relative  to  etartracker  41.  4 
The  entries  s  Table  1  are  given  to  the  nearest  0, 2  arc- 
minute  although  their  accuracy  is  probably  not  better 
than  U,  4  arcrr.nu*e. 


i-e.-r,'  cm/  *  c.-i; 


r im,' 

*  ■,*'  •  |  1  =  -/  •/' 


which  is  first  order  In  the  small  angle.  If  in  addition, 
Is  small,  this  becomes  approximately 


o  1 

l 


Table  1.  Launch-Induced  Misalignments  (arcmln) 


Tracker  # 

Misalignment  Parameter 

dd 

d'? 

d. 

dc 

1 

0 

0 

0 

0 

2 

0.4 

0.4 

-1.0 

1,4 

3 

-8.6 

3.0 

-1.0 

0 

4 

-1.6 

-3.0 

-2.8 

0 

! 

-0.6 

-0.2 

1.0 

0.8 

6 

-3.0 

-0.8 

-5.0 

0 

which  Is  second  ord”*  In  small  angles.  Now  in  the 
course  of  collecting  data,  a  conelderable  ;rtlcn  of  the 
data  will  have  both  glmbal  angle*  small  enough  to  cause 
difficulty  In  separating  these  parameters,  since  the 
procedure  followed  by  the  computer  in  selecting  guide 
star  patterns  favors  small  gimbal  angles. 

D.  Optimal  Estimation 

The  above  feature  points  out  one  of  the  limitations 
of  least-squares  estimation  In  this  application,  Func¬ 
tional  dependence  between  parameters  Is  not  taken  Into 
account.  Furtharmors  the  data  ars  assumed  to  be  rep¬ 
resentative  of  all  the  parameters  squally.  IXie  to  the 


These  are  significant  misalignments.  Allowing  for 
0,4  aromlnute  error  In  the  entries  In  Table  1,  and  even 
assuming  a  complete  Inability  to  separate  dc  from  dr, 
the  rotational  misalignments  exceed  2,2  arcmlnutes 
rms  and  S  arcmlnutes  naximum, 

B,  Thermal -induced  Misalignments 

The  misalignments  given  in  Table  1  produced  ex¬ 
ceptionally  good  pointings  In  the  early  orbits,  with 
glmbal  errors  consistently  down  in  the  10-20  arcswcond 
rang*,  But  when  operation*  with  the  alternate  experi¬ 
menter  (8AO)  oommeaoed,  the  pointing*  degraded 
markedly,  The  degradation  is  due  in  some  part  to 


A  shift  in  the  pointing  of  tri  oker  #1  relative  to  the  experiment  optioe  has  been  removed  from  the  mleallgnment# 
reported  In  Table  1,  although  It  is  included  tn  the  misalignment  table  for  spacecraft  operations, 
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still  represent  rotational  misalignments  In  excess  of 
0.6  arcmtnute  rms  and  1,6  arcmlnutes  maximum. 


thermal  fluctuation.  In  the  early  orbits,  the  operations 
staff  was  gingerly  In  their  movomants  of  the  spacecraft 

and  tended  to  operate  in  a  restricted  region  of  the  sky. 
Over  a  period  of  several  orbits,  the  misalignments 
stabilized  at  or  near  the  values  given  in  Table  1  above, 6 

The  SAG  experimenter  operates  out  of  the  opposite 
end  of  the  spacecraft  from  WEP,  however.  Since  both 
stay  well  away  from  the  sun,  this  tends  to  expose  the 
opposite  extremities  of  the  spacecraft  to  the  sun'*  rays. 
The  thermal  bending  which  then  takes  place  Is  felt  to 
contribute  substantial  additional  misalignment  to  that 
given  In  Table  1.  Hence  It  wae  deemed  advisable  to 
develop  an  additional  (B)  let  of  misalignments  for  SAO 
operations.  The  differences  B-A  between  this  modified 
set  and  the  original  (A)  set  are  given  In  Table  2,  These 
are  considered  to  be  in  some  part  thermal-induoed 
misalignments. 


Table  2.  Misalignment  Differences  B-A  (arcmin) 


Misalignment  Parameter 

dr- 

d-.- 

d. 

dr 

1 

0.4 

1,0 

0 

0,4 

2 

-1.8 

-0.2 

-1.6 

1.4 

a 

0.  8 

-1.2 

-1.8 

0,4 

4 

0.  2 

3.0 

0.8 

-1,6 

6 

-0.6 

-0.8 

0.  2 

-1.  8 

6 

0 

O.S 

0.8 

1.2 

It  should  be  noted  that  then  B  misalignments  have 
not  succeeded  in  reducing  the  gtmhal  errors  to  thoso 
txperiotiuod  in  the  earlv  orbits.  The  errors  currently 
run  in  the  3C-60  arosocond  range.  One  explanation  for 
this  may  be  that  the  experimenter  is  currently  ranging 
over  a  much  larger  region  of  the  celestial  sphere  due 
to  a  spacecraft  problem  which  Is  not  of  concern  here. 

It  may  be  that  the  thermal  fluctuations  due  to  this  ac¬ 
tivity  arc  contributing  substantial  variation  in  tits 
misalignments. 

The  misalignment  differences  given  In  Tablo  2  may 
be  conservatively  characterized  s*  were  thou  In  Table 

1.  Allowing  for  an  error  of  0.  8  arcmiuute  In  these 
entries,  and  not  sener-Htlng  'i>  from  do,  the  figure* 


C.  Conclusions 

Significant  gimballed  star-tracker  misalignments 
on  the  order  of  2  to  9  arcmlnutes  due  to  launoh  stresses 
and  0, 9  to  1, 8  arcmlnutes  due  In  part  to  thermal 
stresses  have  been  estimated  on  the  OAO-A2  using 
techniques  desoribed  in  this  report,  This  magnitude  of 
misalignments,  if  uncorrected,  would  have  represented 
a  substantial  limitation  to  high-preclelon  pointing  under 
gimballed  startraeker  control,  Using  rather  crude  data 
collection  and  estimation  techniques,  however,  mis¬ 
alignment  parameters  have  been  obtained  ol  sufficient 
prtolsion  to  maintain  (and  In  some  constrained  opera¬ 
tions,  to  lmprovt  on)  the  OAO-A2  design  pointing  ac¬ 
curacy  of  one  arominute.  Using  Improved  data  collec¬ 
tion  techniques  and  optimal  misalignment  estimation,  a 
theoretical  pointing  capability  under  gimballed  star- 
trAeker  control  of  close  to  one-half  arcmtnute  In  con¬ 
strained  operation*  Is  indicated, 
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sThe  thermal  inertia  of  the  spacecraft  Is  euoh  that  light -dark  variation  cf  misalignment*  during  one  revolution 
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ABSTRACT 

The  uae  of  aun  aenorc  for  apace  craft  attitude  ayetema  la 
reviewed,  Effecta  of  aolar  activity  and  aolar  conatant  uncer¬ 
tainty  are  considered.  It  ia  shown  that  with  proper  design  aun 
sensors  with  arc  second  accuracy  can  be  built  However,  to 
achieve  high  accuracy,  thermal  considerations  and  physical 
optics  considerations  have  to  be  Introduced  into  senaor  design. 


I.  INTRODUCTION 


Solar  Attitude  Reference  Senaora 

The  problem  of  the  selection  of  navigational 
references  is  a  complex  one  and  the  approach 
to  its  solution  varies  considerably  with  tniaslon 
applications.  For  some  missions  it  is  possible 
to  find  a  "natural"  set  of  coordinate  systems 
For  exempli*,  for  a  synchronous  attitude 
sattellte,  an  earth  senaor  and  polaris  trackor 
form  a  natural  reference  For  planetary  ex¬ 
ploration,  the  sun  and  the  Star  Canopus  form 
a  natural  reference  as  Illustrated  in  Fig  l. 

Most  misrions,  however,  are  flown  in  low 
earth  orbit  and  it  beconviy  necessary  to  sense 
various  navigational  references  during  different 
parts  of  the  mission. 

One  possibility  is  the  use  of  various  guide 
stars  and  planets.  The  latter  are  usually  ex¬ 
cluded,  because  their  use  requires  additional 
ephemerls  computation. 

The  sun  has  been  used  as  a  navigational 
reference  for  missions  of  this  type.  However, 
due  to  its  size,  tracking  of  the  aun  carries  with 
it  several  problems,  which  have  ,o  be  consider¬ 
ed  in  detail,  before  accurate  sun  sensors  can 
be  designed. 

This  work  was  performed  at  the  Honeywell 
Radiation  Center 


Fig.  1  ,  Sun  Canopus  Measurement 
Geometry 

A  general  pictorial  representation  of  the 
sun  is  shown  in  Fig,  2  The  first  important 
factor  is  the  diameter  of  the  solar  disc.  In  a 
10  micro-radian  sensor,  the  conter  of  the  solar 
disc  has  to  be  determined  to  an  accuracy  of 
approximately  1  part  in  1000.  This  can  be 
achieved  with  proper  selection  of  operating 
spectra  because  the  sun  is  a  disc  of  uniform 
brightness  However,  since  solar  activity 
causes  light  emission  outside  of  the  solar  disc, 
and  sun  spots  cause  darkening  of  the  solar  disc 
in  various  areas,  as  in  most  systems,  careful 
selection  of  operating  wavelengths  and  compro¬ 
mises  between  linearity  and  null  stability  are 
necessary. 


it 


Sun  Spot  - 


Fig.  2  Sun  Activity 


II.  DIFFERENCES  BETWEEN  THE  STAR 
SENSING  AND  SUN  SENSING  PROBLEMS 


The  atar  tracker  deaigner  has  a  very 
■  erloua  problem  with  aignal  ievela.  Mort 
tracker  designs  are  aignal  limited,  requiring 
high  sensitivity  low  nolsu  detectors ,  The 
optical  systems  generally  are  large  to  collect  the 
necesaary  stellar  energy. 


The  sun  represents  a  source  of  interference 
to  the  star  tracker  designer.  To  understand 
the  difference  between  star  tracker  and  sun 
sensor  design  one  has  to  realize  that  the  energy 
received  from  the  sun  is  approximately  101D 
greater  than  the  energy  received  from  Sirius'1^ 


Thus  from  the  signal  processing  standpoint, 
the  sun  seneor  designee  can  work  with  extremely 
email  apertures.  As  a  matter  of  fact,  the 
signal  -  or  really  total  erergy  -  from  the  sun 
i«  .no  high,  taut  severe  thermal  distortions 
within  the  structure  can  cause  misalignments 
and  errors 


Verv  often  sun  sensors  are  used  in  an  off¬ 
set  pointing  mode  as  shown  in  Figure  3.  This 
type  of  a  system  requires  accurate  knowledge 
of  the  linearity  of  the  sun  sensor  output  and  of 
the  gradient  of  the  sensor. 


For  »tar  tracters,  measurements  of  this 
type  are  relatively  easy.  The  sun  sensor  de¬ 
signer  tnough  is  faced  with  the  problem  of  sun 
simulation. 


The  brightness  of  the  sun  is  extremely 
difficult  to  simulate  Thus  the  sun  sensor 
designer  may  either  test  with  a  source  which 
provider  the  correct  total  energy  at  thu  sensor 
and  thus  subtends  a  larger  angle  than  the  actual 
sun,  use  a  rource  with  the  proper  subtended 
angle  and  lower  total  energy,  or  actually  go  out¬ 
side  and  use  the  real  sun 


ERROR  SIGNAL 


TO  CONTROL  SYSTEM 


OFFSET  COMMAND 


Fig.  3,  Offset  Pointing  Mode 


In  many  cases  all  three  approaches  have 
to  be  used  to  measure  various  aspects  of  the 
sun  sensor  performance  To  overcome  problems 
of  exact  calibration  systems  are  often  designed 
to  provide  for  simple  automatic  gain  circuitry 
to  insure  that  the  unknowna  in  the  testing  and 
calibration  process  do  not  contribute  to  syste¬ 
matic  errors  of  the  sensor 


In  the  following  section,  some  generic 
types  of  sun  sensors  are  described,  to  Indicate 
approaches  which  have  been  taken  in  the  design 
process.  The  last  section  of  the  paper  describes 
some  of  the  properties  of  the  sun  and  how  these 
properties  relate  to  the  design  of  hi  gh  accuracy 
sun  censors. 


SENSOR  CONFIGURATIONS 


Shadow  Mask  System 


One  of  the  eimplest  sensor  configurations 
is  shown  in  Figure  4.  The  system  consists 
of  two  dstsetors,  two  macks,  and  structure  to 
which  the  detector  and  mas  ts  are  attached  As 
thv  sun  moves  through  an  angle  8,  a  larger  por¬ 
tion  of  detector  1  »nd  a  smaller  portion  of  detector 
2  are  illuminated.  The  current  generated  by  the 
two  Jetec*ors  varies  with  incident  sun  angle; 
thus  an  error  signal  is  generated 


The  assembly  can  be  divided  along  the 
vertical  demarcation  line  »>  ul  the  two  halves 
can  be  mounted  on  eeparate  areas  of  the  space¬ 
craft  The  field  of  view  of  the  pensor  and 
linear  range  car  be  varied  by  the  detector-mask 
spacing  end  by  the  size  of  the  two  detectors. 


DETECTOR  2  DETECTOR  1 


Fig  4.  Shadow  Mai'it  Senior 

The  circuitry  commonly  uied  with  theie 
detectors  ii  ihown  In  Fig,  5.  (Aiiuming  that 
iilicon  detectori  are  uied,  Cadmium  Sulfide 
or  Cadmium  Selenlde  can  alao  bn  uied.  In  this 
caie  the  detectori  are  generally  uied  ai  two  armi 
of  a  bridge  circuit.  ) 


Fig  Detector  Difference  Amplifier 


The  major  problem  with  thie  eyetem,  when 
one  tries  to  uie  the  Benaor  ae  a  high  accuracy 
»en»or,  ,s  the  thermal  stability  of  the  assembly 

A  second  technique,  which  limits  the  field 
of  view  and  produces  a  more  compact  unit  which 
can  be  shielded  with  greater  care  from  thermal 
transients,  is  ihown  in  Fig,  6.  The  sun  is  imaged 
through  a  slit  on  two  detectors,  which  are  shaped 
according  to  the  desired  transfer  function  of  the 
sun  sensor.  As  the  solar  image  moves  across 
the  sensor,  differing  areas  of  detector  l  and 
detector  2  are  illuminated,  providing  an  error 
signal  output  when  used  with  the  circuitry  shown 
m  Figure  8 

These  two  configurations  are  only  a  small 
sample  of  the  possibilities 

Keeping  the  sum  of  the  signals  from  the 
two  detectors  constant  throughout  the  operating 


field  of  view,  does  provide  the  designer  with 
the  possibility  of  using  an  AGC  system  as  shown 


Fig.  6  Sensor  with  Cylinder  Lens 


— 1  o  Rtfersncs 

Fig  7,  ACC  System 


As  noted  before,  this  alleviates  the  prob¬ 
lems  encountered  In  simulation,  especially  in 
systems  designed  for  offset  po.nf.ng. 

B  Imaging  Systems 

In  the  previous  section  approaches  were 
considered  where  either  a  masit  forme  the 
defining  geometry  or  a  lens  images  the  sun 
on  a  defector  and  the  detectors  define  the  field 
of  view  and  tracking  geometry  of  the  system. 

Ano  her  combination  provides  both  as  shown 
in  Fig,  8.  1  3  Two  sensors  of  the  type  shown 

can  be  mounted  on  a  common  base  or  separated 
on  the  spacecraft 

C .  Critical  Angle  Prism 

The  sensors  described  above  require 
■table  alignment  of  at  least  two  parts:  the 
mash  or  lens  and  the  detector 


Fig.  8.  Imaging  9y*tem  with  Shadow  Mas k 

To  reduce  the  number  of  piece*  which  have 
to  be  controlled  relative  to  the  reference  surface, 
a  critical  angle  priam  can  be  used,  In  thi*  caie 
a  dngle  piece  of  glaea  (or  quartz)  control*  the 
null  axi*  of  the  *en*or,  Light  enter*  the  aenior 
a*  ihown  in  Fig.  8.  The  back  aurface  of  the 
priim  1*  cut  at  the  critical  angle.  The  trans¬ 
mission  through  the  prism  near  the  critical 
angle  ia  shown  in  Figure  10.  For  small  angles 
near  the  critical  angle  the  transmission  is 
proportional  to  the  square  root  of  the  angle  and 
passes  through  zero  with  an  infinite  slope.  Thus 
extremly  high  sensitivity  can  be  obtained  in 
addition  to  the  advantages  mentioned  above 


Fig.  10.  Critical  Angle  Prism  Transmission 


In  a  simple  DC  system,  the  detectors  can 
be  mounted  directly  on  the  bac  surface  of  the 
critical  angle  prism  as  shown  in  Figure  11,  If 
variation  in  detector  sensitivity  is  sufficiently 
critical,  a  single  detector  and  chopper  as  shown 
in  Figure  12  can  be  used, 


D,  Digital  Sensors 

Due  to  the  high  energy  which  is  available 
from  the  sun,  it  is  possible  to  replace  the 
analog  detectors  shown  in  Figure  6  with  a  Grey 
coded  set  of  detectors.  This  tj^e  of  system 
provides  direct  readout  of  the  sun  position 
Since  the  solar  diameter  Is  approximately  /2°, 
the  system  shown  in  Figure  13  is  limited  to  a 
resolution  of  1/2°,  For  certain  missions,  tind 
especially  during  attitude  acquisition  portions 
of  a  mission,  this  type  of  a  system  can  provide 
the  required  accuracy, 

Since  the  position  output  is  carried  as  a 
parallel  digital  word,  Interface  problem*  are 
simple  and  offset  pointing  is  very  easy. 

If  higher  accuracy  is  required,  it  can  be 
obtained  directly  at  discrete  times  when  the  state 
of  one  of  the  digital  output*  is  changing  or  by 
either  analog  or  digital  interpolation 
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Fig.  13.  Digital  Senaor 
IV.  ERROR  SOURCES  IN  SUN  SENSORS 


Flrit  lit  ua  conaldar  aolar  activity  and 
the  corona  to  dotermlne  whether  or  not  high 
accuracy  aun  aenalng  la  feaalble, 

Moat  of  the  aolar  activity  la  photographed 
through  very  narrow  filtera,  becauae  vary  little 
activity  la  aaally  obaervable  within  tha  white 
continuum.  The  brlghtneaa  of  the  aun  decreaaea 
very  rapidly  at  the  edge,  with  the  white  corona 
having  a  brlghtneaa  of  approximately  10"8*1*  of 
the  aun  The  corona  doea  extend  to  about  3 
aolar  radii,  thua  It  can  contribute  "4  O' 8  of  the 
energy  compared  to  tha  aun 

Flarea  generally  cannot  be  aeen  againat 
the  photoaphere  though  cine  flare  (July  25,  1048) 
added  10%  to  the  continuum  but  only  in  the  4000- 
8000  A0  region. (1) 

Typical  flarea  Drovide  leaa  than  1%  to  the 
continuum  output. 

To  avoid  the  reglona  of  high  aolar  activity, 
it  la  therefore  neceaaary  to  chooae  a  band  of 
operation  in  the  red  region  of  the  apectrum  looking 
at  the  red  to  near  infrared  apectrum  of  the  aun. 

A  apectral  region  choice  of  thie  type  allowa 
achievement  of  the  higheat  accuracy  within 
preaent  knowledge  of  the  aun 

Let  ua  now  conaider  the  error  terma  within 
the  aun  aenaor  ahown  In  Fig  6  The  complete 
image  of  the  aun  fella  on  both  detectora.  Con- 
aider  a  dlaplacement  of  10  micro-radiane  (the 
aun  diameter  la  approximately  9  mlUl-radlana) 
aa  ahown  in  Fig  14 


Fig.  14,  Error  Senaitlvity 

The  total  field  of  view  of  the  ayatem  la 
8  milli-radlana,  The  comparable  width  of  the 
detector  la  4  . 

At  null  the  current  from  each  detector  la 
proportional  to  94/2.  The  change  in  the  current 
for  a  0.  01  mllll-radian  dlaplacement  la  0.  01x94/8 
Thua  the  fractional  change  in  the  detector  current 
for  a  10  micro-radian  dlaplacement  la  0  02/0, 

If  it  la  aaaumed  that  the  two  detectora  will 
have  a  differential  aenaltlvity  drift  of  1%  after 
initial  calibration,  then  the  field  of  view  of  the 
aionaor,  0,  can  be  0,2  milli-radlana  (conalder- 
ably  amailer  than  the  aolar  diameter).  For  a 
1  degree  (-»  20  mllll-radian)  field  of  view  the 
relative  atablllty  of  the  detectora  haa  to  be  0.1 
per  cent. 

Thia  relationahip  la  independent  of  the  aun 
diameter  and  depende  only  on  the  total  field 
of  view. 

If  one  aeeumee  that  0.  1%  matching  over  an 
extended  period  la  feaaible,  then  the  accuracy 
and  field  of  view  limita  of  thia  type  of  ayatem 
are  eat,  If  theee  numbera  are  noi  compatible, 
it  becomea  neceaaary  to  remove  a  portion  of  the 
energy  at  null. 

Aa  a  flrat  approximation,  aaeume  a  9 
mllll-radian  maak  (eaaentlally  a  complete  mark¬ 
ing  of  the  aun).  The  primary  error  aource  ia  now 
the  corona. 

Aa  a  worat  caae,  aaaume  that  th<  corona 
extende  to  three  mea  the  ■ola*  radiua  and 
that  It  ia  all  loc  .ed  on  one  aide  of  the  aolar 
dlac 
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A  quick  calculation  shows  that  errors  intro¬ 
duced  by  this  factor  are  negligible  for  reasonable 
(leas  than  180  degree)  fields  of  view 

Promirenec-a  which  average  0.  S  arc  min  by 
2  arc  aec  alao  represent  negligible  sources  of 
error  in  a  sun  sensor  system 

Thus,  in  conclusion,  one  esn  assume  that 
the  sun  io  an  object  with  uniform  brightness 
in  the  0.8  to  1,  0  micron  range 

V.  DESIGN  CONSIDERATIONS 

Due  to  the  high  energy  which  is  available 
from  the  sun  the  apertures  of  solar  attitude 
sensors  are  usually  very  small  when  compared 
to  the  apertures  used  in  star  trac  tors 
1  cm2  of  solar  energy  is  mors  than  sufficient 
for  very  easy  data  processing. 

However,  the  Airy  disc  diameter  of  an 
optical  system  with  1  cm  aperture  operating 
at  micron  is  approximately  50  arc  aec.  Thus 
the  order  of  magnitude  approximations  used 
in  the  previous  section  require  much  more 
detailed  analysis^4'  than  is  provided  by  simple 
geometrical  optics  arguments, 


While  one  type  of  sun  Bencor  was  used  to 
illustrate  the  design  parameters,  the  same 
analysis  is  required  for  imaging,  shadow  mask 
or  critical  angle  prism  systems. 

The  designer  haL  to  realize  from  the 
beginning  that  he  is  working  on  a  syatem  with 
an  expected  accuracy  of  1  or  2  arc  aeconda, 

The  problems  are  not  in  the  circuit  design, 
but  in  the  mechanical,  thermal  and  physical 
optics  aspects  of  tht  system. 

REFERENCES 

1  G.  P,  Kuiper,  The  Sun  (The  University  of 
Chicago  Preaa,  Chicago,  Illinois,  1653). 

2.  Staff  of  Goddard  Space  Flight  Center, 
Orbiting  Solar  Obeervatory  Satellite  , 

The  Project  Summary,  NASA  SP-37,  1683. 

3  NASA  Design  Criteria  Offict,  Sun  Ssnaor 
Design  Criteria,  NASA  SP  to  be  aasigned 

4  H,  Nagaoka,  Diffraction  Phenomena  in 
the  Focal  Plane  of  a  Telescope  with  Circu¬ 
lar  Aperture,  due  to  a  Finite  Source  of 
Light  ,  Philosophical  Magazine,  V.  43, 

no  1898. 


160 


ACCURACY  OF  XR  HORIZON  SUfSORS  AS  ARTEC  TEI)  K  ATMOSPHERIC  CONSIDERATIONS* 


John  A.  Dodgea  and  Howard  J.  Curfaan,  Jr. 
NASA  Lancia/  Rnaareh  Center 
Hampton,  Virginia 


(U)  The  effects  o f  ataosphsrio  variability  on  XR  horlaon  aanaori  ara 
llluatratad  using  axparlmantal  data  and  analytical  study  rasults  obtalnad 
or  supported  by  Langley  Rtsoarch  Cantar.  It  Is  shown  that  proper  aalac- 
tlon  of  spaotral  lntarval  mlnlmlsas  horlaon  sansor  pro's  lams  causad  by 
low-laval  ataoaphsrlc  affaats,  Tha  bast  spaotral  lntarval  vaa  found  to 
ba  tha  14.0-  to  l6.3-mioron  band  assoelatad  with  CO2  absorption  In  tha 
atmosphara.  This  band  affaetlvaly  shlalds  a  sansor  from  clouds  and 
other  lov-altituds  affaots,  however,  makes  It  sansltiva  to  relatively 
slowly  varying  tamparatura  e hangs s  in  tha  atmosphara  above  20  1cm,  thereby 
Introducing  variations  caused  by  seasonal  and  geographic  affaots.  Tha 
results  of  a  study  of  these  variations  over  a  J-year  span  shows  that  a 
dstemlnlstla  trend  with  latitude  exists,  whloh  changes  with  season.  It 
Is  shown  that  a  simply  Implemented,  single  beam,  horlton  sensor  In  tha 
COp  band  oan  ha  expected  to  experience  approximately  3  km  random  varia¬ 
tion  of  tha  horlaon  about  the  deterministic  mean,  primarily  at  the 
higher  latitudes.  It  la  concluded  that  tha  uia  of  a  three-  or  four-baam 
horlaon  sensor,  with  simple  "oblatenaee"  type  corrections  for  systematic 
effects,  will  provide  attitude  determination  accuracy  of  0.03°  (Id)  for 
epaoaaraft  at  altitudes  above  100  nautical  miles. 


msasm 

(U)  For  tha  pant  several  years,  the  Langley 
Research  Center  has  been  conducting  reeearoh  on 
horlson  sensing  as  a  means  of  measuring  spacs- 
craft  attitude.  This  work  vaa  directed  primarily 
toward  describing  more  accurately  the  input  to 
such  horlson  sensors,  namely,  the  horlson 
radlanos  profile.  Tha  research  includes  both 
experimental  measurements  and  analytical  studies, 
and  covers  a  wide  spectral  range  from  the  ultra¬ 
violet  to  the  far  infrared  (Refs.  1-12).  We  feel 
quite  strongly  that  tha  horlion  data  being 
obtained  establishes  fundamental  design  considera¬ 
tions  for  any  future  horlton  tensor  developments. 
Xi.lt  paper  will  review  briefly  parte  of  the 
Langley  raaearoh  including  results.  Lata  from  the 
Project  Scanner  flight  experiment  will  be  used  to 
demonstrate  tha  effecte  of  apectral  Interval 
selection  and  of  geographical  position.  The 
results  of  an  analytical  study  utilising  available 

This  work  was  done  at  NASA  Langley  Reeearoh 
Canter,  Hampton,  Virginia 


atmospheric  data  to  predlot  horlton  varlanoe  as 
stsn  by  a  horlson  sensor  will  be  shown,  and  some 
conclusions  drawn  as  to  the  aoouracy  obtainable. 

(U)  Early  in  this  work,  LRC  decided  to  concen¬ 
trate  on  the  thermal  infrared  spectral  region,  lr. 
order  to  provide  "fuJl-tlme"  horlson  sensor  use, 
in  both  sunlit  and  dork  portions  of  the  orbit)  a 
featurs  not  possible  with  spaotral  Intervale 
dependent  on  solar  illumination.  As  a  result  of 
analytical  work  by  eevaral  Invest lgatore 
(Refs.*  13,  l4,  end  15)  ve  further  oonoentrated  or. 
tvs  spectral  intervals,  namely,  the  15-mioron  CO; 
band  and  the  rotational  water  vapor  band  beyond 
20  mloroni,  where  the  absorption  characteristics 
of  the  atmosphere  move  the  apparent  horlson  to 
higher  altitudes,  thereby  minimising  ths  effsets 
of  low-altitude  phenomena  eueh  as  cloud*. 

Project  Scanner  obtained  experimental  data  In  the 
l4-l6(i  CO2  band  and  in  the  21-32u  water  vapor 
band  which  indicated  the  COj  band  to  be  more 
promising  from  the  standpoint  of  minimising  ths 
sffeots  of  low-altitude  atmospheric  vagaries. 
Figure  1  presents  radiance  profile*  from  Projeot 
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RADIANCE, 

W/rn^sr 


(U)  rig,  1,  Mctiursd  Radlanra  Prof  Hi  i  Prom  Project  Scanner  for 
l^-lfiu  and  ai-Stfci  Bpactral  Band* 


Scanner  (R«f.  6),  lHuatrstl^j  a  varalon  of  t hti 
eo-oall#d  "sold- aloud"  problem  in  th*  21-J2u 
profile.  Th*  *olld-Uo*  vater-vapor  proflla 
marked  1J°  N  vai  obtained  from  an  via  kncvn  to  be 
elaar,  vhlle  that  aarkad  37°  H  oaaa  fro*  an  araa 
knovn  to  hava  high  olouda.  Tha  radlanoa  obaarvad 
Id  tha  cloudy  araa  la  seem  to  ba  roughly  ene-half 
that  In  tha  altar  araaa.  Tha  tv o  daahad-llna 
ourraa  ara  COj  profllaa  fro*  tha  uaa  araaa  and 
ahov  llttla  or  nona  of  tha  effect  and  lndloata  tha 
radlanaa  lavala  ara  gov  am  ad  only  by  tha  taapara- 
tura  atruoture  of  tha  ataoaphere.  Tha  affaoti  that 
tha  ta^aratura  atruotura  baa  on  tha  horlaoo  ara 
Illustrated  on  Pig.  2  vhere  measured  radlanoa 
rofllta  for  both  vlntar  and  auaaav  oondltlona 
Raf.  7)  ara  ahovn  for  thraa  latltudaa.  Tha  daahad 
profllaa  ara  for  summer  oondltlona,  and  a  trend  of 
lnoraaalng  radlanoa  vith  latitude  la  noted.  Tha 
aolld  profllaa  vara  obtained  on  tha  vlntar  flight 
and  ahov  a  nor a  prominent  and  opposite  trend  vlth 
latitude.  Tha  agreement  batvaan  tha  vlntar  nod 
summer  profllaa  at  17°  H  falla  vlthin  tha  experl> 
aantal  meaauremcnt  aaouraoy,  ao  no  aaaaonal 
affaota  ara  evident.  Thua  It  la  aaan  that  a 
horlaon  atcaor  operating  in  tha  13u  C08  band  la 
effectively  decoupled  froai  cloud  problem* ,  hov- 
aver,  It  vould  probably  ba  aanaltlva  to  high* 
altitude  atmoapheria  variations  whleh  ooour  aa  a 
function  of  aaaaon  and  tha  poaltloe  on  tha  earth. 

8TTOT  APPROACH 

(U)  In  order  to  evaluate  tha  aanaltlvity  of 
horlaon  etnaora  to  tha  geographical  and  aaaaonal 


changes  vhloh  occur,  It  vaa  found  naoaiaary  to 
develop  an  analytical  means  of  synthesising 
radlanaa  profllaa  frcm  available  atmospheric 
information  by  solving  tha  radiative  transfer 
problem.  nils  vaa  due  to  the  laok  of  experl - 
aa  stilly  determined  profiles  having  tha  required 
temporal  and  geographic  coverage.  Honeyvell,  Xno., 
under  contract  to  langlay,  developed  a  nodal 
(Raf.  10)  vhloh  included  auoh  factors  aa  gas 
mixing  ratio,  atmospheric  trmnamittanee,  ra  frac¬ 
tion,  Soppier  broadening,  and  tha  abaanoa  of 
thermodynamic  equilibrium  at  higher  altltudea. 
While  It  vaa  reconciled  that  other  analytical 
netted s  axlstod  (Rafa.  1-  and  13),  no  single  one 
maned  to  Incorporate  all  of  tha  factor*  deemed 
Important.  Profllaa  obtained  from  tha  developed 
analytical  aodrl  compared  vary  favorably  vlth 
experimental  Project  scanner  results,  giving  added 
confident*  to  th*  ensuing  analysis  of  atmospheric 
affects  on  horlaon  sensor*. 

(U)  A  second  problem  then  arose,  namely,  hov  can 
v*  get  tb*  eoaputer  to  '***"  or  "think”  like  a 
horlaon  tenser  Is  order  to  determine  th*  ttuel- 
tlvity  to  radlaccu  profile  changer?  Honeyvell 
developed  uhat  ve  call  the  "locator"  oonoept  for 
thle  purpose  (Ref.  12).  A  "locator"  defines,  in 
a  simple  vay,  hov  an  Idaallsad  horlson  senior 
cerate*  to  detect  (or  locate)  an  altitude  vhlch 
1*  oharacterlatlc  of  a  radiance  profile.  This 
concept  1*  illustrated  on  Tig.  ?.  A  horlson 
tensor  having  a  vide  field  of  view  vould,  In 
effect,  integrate  th*  energy  under  th*  profile  aa 
It  la  scanned  down  across  the  horlaon,  Tha 
located  horlaon  al'itud*  (h;)  vould  ba  aa  ahovn 
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(U)  Fig.  2.  Seasonal  Variations  o f  Msarorei  COg  Radiance  Profile*  (Project  Scanner) 


(U)  Fig.  }.  iocated  Horison  for  a  Threshold  Va'.ue  on  tha  Integral  of  Radiance 


for  the  ipsalfied  threshold  on  the  value  of  tha 
Integral.  A  number  of  other  "locator*"  have  bean 
davliad,  i co a  using  radiance  level,  other* 
tending  to  normal!**  the  profile*.  The  Important 
thing  1*  that  any  profile,  defined  by  leaion, 
latitude,  tims-of-day,  and  *o  forth,  can  be 
reduced  to  a  ilngle  number,  an  indicated  horlion 
altitude,  for  a  given  locator.  In  thli  way, 
varlatlone  due  to  the  perturbing  function*  can 
be  conveniently  analyied. 

(U)  To  examine  the  effect*  of  leaional  and 
geographical  change*,  e  body  of  atmospheric  data 
from  radioionde*  and  MRN  rocket  flight*  was 
compiled  (Ref,  9),  and  uied  to  lyntheelc* 
radiance  profile*  for  a  number  of  synoptic  situa¬ 
tions  (Ref* ,  16-18)  covering  varlou*  i*a*on*  and 
reveral  year*,  for  the  geographical  area  which 


can  be  generally  described  a*  the  northern  hemi¬ 
sphere  'vear  North  Amerioa.  A  number  of  locator* 
vers  identified  and  applied  to  this  body  of  data, 
and  the  variation!  of  indicated  altltud**  v*r* 
examined.  For  practical  horlion  sensor  use,  it 
va*  deemed  beet  to  view  any  systematic  variation* 
as  a  funotlon  of  latitude  for  a  specified  eeaeon. 
This  then  constitutes  an  oblatensss-typ* 
correction  vhlch  could  be  rather  easily 
implemented. 

s'm.m'A a 

(U)  The  method  of  analysis  just  described  was 
used  to  examine  the  performance  of  1  censor  which 
located  the  horlson  at  the  altitude  where  a 
J-watt*-mat*r*e-sr“l  radiance  level  exist*,  The 
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LOCATED  HORIZON 
ALTITUDE,  km 


Fig.  W.  Variation  of  the  3  w-r."®-»r*A  Altitude  Point  With  Latitude  for  I've  3ea«one  (Data 

Baaed  on  3  Veari) 


reiulte  are  shown  on  Fig.  •*.  The  ordinate  li 
altitude  in  km,  the  abscissa  io  north  latitude  lr. 
degrees,  and  data  for  July  and  fo/  late  November 
are  preeented  to  ehev  the  aeaional  change.  The 
•olid  llnei  repreeent  the  mean  for  all  data  for 
the  date,  and  the  (haded  tone  represents  the  tic 
variation  about  the  mean.  The  upper  curve  for 
the  July  data  ehowa  the  lummer  trend  and  ie  seen 
to  he  relatively  flat,  but  ehowi  the  tendency 
tovard  &  higher  altitude  (greater  radiance)  at  the 
upper  l&tltudee  leen  earlier  in  the  Scanner  curve e 
in  Fig.  2,  The  winter  data  (how  a  ouch  more 
pronounced  trend  (approx  11  ha  deviation  of  the 
mean)  which  in  accompanied  by  a  much  wider  random 
variation,  ±3.3  1cm  at  the  higher  latitude*.  It  i* 
lntereiting  to  note,  however,  that  the  trend  llnea 
appear  to  pivot  about  a  latitude  near  20s  which 
might  explain  the  cloee  agreement  between  the 
Project  Scanner  winter  and  eunsner  profile*  at 
17°  N  latitude.  The  data  of  Fig.  »  cover  the 
3-year  »pan  196a  to  1967,  and  the  variance  for  any 
■ingle  year  ie  considerably  reduced  from  that 
ehovn  here.  In  fact,  the  November  data  for  1965 
and  1966  tended  to  agree,  and  averaged  together 
provided  a  systematic  variation  (or  trend)  of 
12  km  and  a  maximum  la  value  of  approximately 
*  km,  while  196**  w*l  a  bland  year  having  a  eyicem- 
atlc  variation  of  J.3  Von  with  a  la  value  of 
little  more  than  1.0  te.  W*  are  r.ot  yet  convinced 
that  a  determinietic  biennial  cycle  exists  which 
would  allow  eom*  reduction  in  the  random  la 
variance.  When  it  ie  realized  that  1.0  km  at  the 
horizon  correeponde  to  0.02°  dieplacexer.t  for  a 


eir.gl*  horizon  eer.eor  beam  from  30C  n,  mi,  alti¬ 
tude,  thie  locator  ie  r.ot  too  promising.  If  the 
locator  ie  modified  tc  normalize  the  profile 
using  peak  radiance  level*,  considerable 
improvement  i*  obtained.  For  example,  using  the 
half- radiance  level,  or  "half- power  point," 
locator  move*  the  located  altitude  to  approxi¬ 
mately  wo  km,  with  an  indicated  systematic  varia¬ 
tion  of  6  km  and  a  la  variance  of  1.5  km, 
resulting  in  an  improvement  of  about  a  factor 
of  3. 

(U)  The  data  Ju.it  discussed,  while  interesting 
from  a  synoptic  view  as  tc  what  ie  happening, 
do  net  represent  what  is  felt  to  be  a  realistic 
horizon  sensor, 

(U)  The  character  sties  of  the  single  beam  of 
a  acre  practical  sensor  are  shown  or.  Jig.  3. 

An  edge  tracker  dithering  at  2  Hz  is  postulated, 
utilizing  a  thermistor  bolometer  in  a  2- inch- 
diameter  optical  system.  This  device  with  a  1° 
vertical  by  horizontal  field  of  view  inte¬ 
grates  the  energy  in  the  horizon  profile  as  it 
sweeps  or.tc  the  earth,  therefore  operating  or. 
an  integral-of-radiar.ee  locator.  The  radiur.ee 
sensitivity  of  the  device  correspond?  to 
slightly  less  than  2  km  indicated  altitude  tit 
the  horizon.  Addition  of  a  e  amp  ,1  e  -  and  -  ho  *  d 
circuit  und  comparator  will  allow  use  of  a 
normalized  integral  locator, 


iu. 


EDGE  TRACKER  -  5°  x  2Mz  VERTICAL  DITHER 

DETECTOR:  THERMISTOR  BOLOMETER 

OPTICS  :  2  INCHES  DIAMETER 

FIELD  OF  VIEW  :  1°  x  4° 

RADIOMETRIC  EFFICIENCY  :  18% 

DETECTION  LOGIC  :  1.  THRESHOLD  OF  INTEGRATED 

RADIANCE 

2.  THRESHOLD  OF  NORMALIZED 
INTEGRATED  RADIANCE 

NER  t  *0.025  W/m2sr 

HORIZON  SENSITIVITY  :  *2km,  S/N  •  10 


(U)  rig.  5.  Slngia-Bean  Horizon  Sanaor  2ailgn  Churaetariatlca 
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(U)  Repreeertatlve  performance  for  suoh  a  itnior 
ti  described,  during  th*  November  season  (3-yeor 
average) ,  ai  a  simple  threshold  of  Integrated 
radiance  device  1*  ahovn  on  Fig.  6,  Rota  that 
th*  average  trend  with  latitude  la  reduced  w  6  a 
vlth  a  maximum)  la  uncertainty  about  tha  mean  of 
approximately  3 >5  km,  The  change  In  performance 
due  to  the  approach  uaed  in  "normalising"  tha 
locator  la  ahovn  on  Fig.  ?•  Tht  tread  of  tha 
avaraga  waa  reduoad  to  about  4  km,  however,  tha 
random  variation  vaa  reduoad  only  to  about  3  ha, 
Indicating  tha  major  advantage  to  be  euppreiiicn 
of  tha  eystematic  effect*,  vlth  little  improvement 
In  random  scatter.  Thai*  data  should  only  be 
oonalderea  ai  lUuatratlve,  and  do  not  repr aient 
an  attempt  to  optimise  the  aoraaliiaticn  technique. 

(U)  Th*  significance  of  th*  results  Just 
dlscuaaad  la  lllustratad  on  Fig.  8,  Th*  ordinate 
of  thli  plot  le  th*  attitude  uncertainty  in 
degrees,  and  the  aholsaa  shove  the  spacecraft 
altitude  In  nautical  mils*.  The  curve*  show  th* 
effect!  of  several  values  of  horiecn  variance  in 
kilometer*  on  th*  acouraay  of  a  single-beam 
horlfion  aenaor.  The  values  of  horlton  variance 
are  near  thosu  which  vere  obtained  a.  la  values 
in  the  earlier  raeults.  For  reference  purpseei, 
the  top  cone  represents  the  accuracy  range 
reported  by  eeveral  users  of  horlaon  aenaor*. 

Th*  line  ehoving  th*  angular  uncertainty  for  a 
3-ka  variation  eorrespcr.d*  to  the  performance  of 
the  single-beam  horlion  sensor  Just  presented, 
where  correction  ha*  bean  mad*  for  latitude.  If 
th*  attitude  measurement  vara  obtained  by  a  two- 
beam  horlion  senior,  th*  effective  uncertainty 
would  roughly  correspond  tc  the  1,5  km  value 
alio  plotted,  For  a  spacecraft  operating  at 
300  n.  ml.  altitude,  It  1*  seen  that  an  angular 
accuracy  of  approximately  0,033°  (la)  Is 
indicated. 

(U)  The  reeults  Just  presented  are  baiea  on  a 
study  which  utilised  a  model  to  •ryntheslie 
radiance  profiles  from  upper  utaocpherlc  data, 
There  are  Indications  that  some  further  improve¬ 
ment  in  horlion  senior  accuracy  may  be  available 
if  more  sophisticated  compensations  are  allowed, 
however,  the  question  arlees  ai  to  th*  validity 
of  the  eyntheelsed  data  for  purposes  of  improved 
accuracy.  Project  Scanner  experimental  data  used 
to  check  the  model  were  limited  to  approximately 
1. 3-2,0  km  resolution.  Further  e^erlaentsl  data 
of  improved  radiometric  accuracy,  and  wider 
coverage,  would  he  neeeieary  to  verify,  or 
replace,  the  model  for  purpoee*  of  improved 
accuracy. 

COHCLUDDiO  REMARKS 

(U)  the  work  done  at  the  Langley  Research  Center 
on  the  variability  of  the  earth's  Infrared  horlion 
indicates  that  proper  selection  of  spectral 
interval  can  minimize  horlion  eensor  problems  due 
to  low-level  atmospheric  effects.  The  best 
choice  of  spsotral  interval  was  found  to  be  the 
1** . 0-  to  ifi.J-micron  band  associated  with  COg 
abeorptlon  ir.  the  atmosphere.  This  band 
effectively  shields  a  sensor  from  cloud  problems 
and  variable  sources  of  stray  radiation.  It 


doe*  make  th*  sensor  sensitive  tc  relatively 
slowly  varying  temperature  change*  In  th*  atmos¬ 
phere  above  20  km  and,  consequently,  Introduce* 
variations  due  to  seasonal  and  geographical 
effects.  A  study  of  these  changes  indicates  that 
a  deterministic  effect  vlth  latitude  exists 
vfctoh  varies  vlth  season.  Based  on  a  study  of 
atmospheric  changes  covering  3  years,  a  simply 
Implemented,  single-beam,  horlion  sensor  in  the 
COg  band  nan  expect  to  experience  aba  it  3  km 
random  variance  of  the  noil  ton  'it  higher  latitudes. 
Use  of  a  three-  or  four-beam  horlaon  sensor  of 
th*  type  discussed,  and  making  "ublatenaes  type" 
correction*  for  the  eystaaatlo  horlaon  effects, 
should  provide  attitude  determination  acouraay  to 
0,03°  (la)  or  better.  While  th*  reeult*  of  th* 
horlion  variance  study  shoved  a  possibility  of 
further  accuracy  improvements,  additional  high- 
retolution  experimental  measurements  of  the 
horlaon  would  be  required  to  fully  exploit  tha 
potential, 

(U)  The  authors  gratefully  acknowledge  the  work 
of  R.  E.  Cavil,  cf  Langley  Research  Center,  whose 
analyses  provided  much  of  th*  data  presented,  and 
A.  Jalink,  Jr.,  for  verifying  tho  horlton  senior 
design  characteristics, 
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ATTRACT 

The  characteristics  of  the  earth's  horizon  In  various  infraiid  scoctral 
region*  are  preiented  in  another  paper.  Thi*  pcper  will  discuss  the 
inetramentation  necessary  for  eeneing  thit  radiation  signature  and 
proceeting  it  to  produce  an  electrioal  output  indicative  of  the  angulc* 
location  of  the  horizon. 

Batioally,  all  horizon  stating  instruments  are  comprlted  of  an  optical 
tyttem  including  any  optical-mechanical  learning  mechanisms,  one 
or  more  IR  detector* ,  and  procetting  electronics.  The  most  sensitive 
IR  detector*  aro  the  oryogenicatly  cooled  photudetectors .  However, 
these  have  been  rarely  uted  in  horizon  tentort  because  of  the  prac¬ 
tical  difficulties  of  cooling,  and  because  instrument  aocuraoy  is 
generally  United  by  factor*  other  than  detector  eeneltlvity.  The  de  ¬ 
tector*  commonly  ueed  are  lh%  immersed  thermistor  bolometer  and  the 
thermopile,  both  of  which  a.x  thermal  detectors  and  do  not  require 
cooling . 

Usually  the  information  desired  is  the  position  of  the  local  vertical, 
from  which  pitch  and  roil  ittltuoe  can  be  derived.  Therefore,  it  fs  not 
necessary  to  locate  the  actual  ground  horizon  but  rather  anv  level  in 
the  atmosphero  bearing  a  constant  relation  to  the  ground  hon;.an.  At 
low  altitudes  the  structure  of  the  horizon  profile  becomes  cf  great  im¬ 
portance  and  the  instrument  muet  contain  logic  to  identify  such  an  in¬ 
variant  point  on  the  pi  tie.  This  logic  is  called  a  "loca'or"  a:.d  a 
variety  of  locator  teohr.-ques  have  been  etudied  and  used.  At  high 
altitudes  where  the  angular  subtense  of  the  entire  atmosphere  is  less 
than  the  accuracy  dusirod,  the  horizon  profile  becomes  unimportant. 

Horizon  eeneing  instruments  can  be  classified  into  three  types: 
wide  angle  scanners,  edge  trackers,  and  radiance  balancers.  The 
relative  advantages  of  each  are  discussed  and  typical  Instruments 
of  each  type  described.  The  factors  limiting  accuracy  and  the  re¬ 
sults  achieved  in  practice  are  discussed. 


i.  INTRODUCTION 

A  number  of  method*  nave  been  developed 
for  determining  the  attitude  of  c  epacn  vehicle. 
They  all  require  »ome  instrument  tor  sensing  'he 
angular  orientation  of  epaaecraft  coordinate!  with 
roapjct  to  »ome  external  reference  eucn  ai  the 
iun,  the  etcrs,  the  magnetic  field  of  a  planet,  or 
an  inertial  platform  which  »toree  the  orientation 
of  »orrie  external  coordinate  eyitem.  For  orbiting 
vehicle*  the  local  vertical  or  horizon  of  the 
planet  ii  a  useful  reference  and  in  this  paper,  1 
will  discuss  instrumentation  for  sensing  this 
horizon  from  the  thermal  discontinuity  between 
the  planet  and  the  essentially  absolute  zero 
space  background.  The  horizon  can  obviously  be 
detected  in  other  spectral  regions  such  as  the 
visible  during  the  daylight  phase,  but  the  infra¬ 
red  has  proven  to  be  the  most  useful  since  It  is 
Independent  of  phase,  so  1  will  restrict  my  re¬ 
marks  to  this  type.  Our  general  problem  then  is 
to  design  hardware  that  will  measure  angles  be¬ 
tween  epacearaft  coordinates  and  the  planetary 
horleon  at  several  points.  Neglecting  planetary 
oblateness  this  amounts  *.c  sensing  the  position 
of  the  local  vertical  with  respect  to  the  space¬ 
craft. 

The  major  factors  entering  Into  the  design  of 
a  horleon  tensor  are  tabulated  in  Table  1 . 


Table  1 

A,  SYSTEM  T  IQUIREMENTS 

1.  Acquisition  Capability 

2 .  Accuracy 

3 .  Linear  Range 

4 .  Response  Time 

B,  HOREZON  CHARACTERISTICS 

1 .  Angular  Subtense  (Altitude) 

2 .  Radiance  Variation* 

3 .  Horizon  Profile 

C,  SENSOR  PARAMETERS 

1 .  Detector  Type 
2  .  Detector  Field  of  View 

3 .  Aperture  Requirement* 

4.  Scanning  or  Tracking  Mechanism* 

5.  Electronic  Logic  cr.d  Processing 

First,  w*  must  consider  the  syatem  require¬ 
ment*  .  Thle  involve*  the  type  of  information  we 
require  from  the  horizon  sen*  or  and  the  ute  to 
which  it  le  to  be  put.  The  system  must,  at  some 


point,  acquire  the  horizon.  This  may  be  accom¬ 
plished  by  some  other  system  tuch  as  an  Inertial 
reference,  or  a  search  mode  may  he  necessary. 
Once  the  horizon  is  acquired,  there  are  two  pos¬ 
sible  modes  of  operation.  The  horizon  senior 
output  may  be  used  as  an  error  indicator  to  con¬ 
trol  the  spacecraft,  lr.  which  caee  only  a  narrow 
proportional  range  around  the  null  petition  is  re¬ 
quired  ,  Alternately  the  senior  may  be  required 
to  accurately  read  out  the  position  of  the  local 
vertical  independently  of  the  spacecraft  attitude, 
in  which  case  a  wide  linear  or  proportional  range 
is  necessary. 

The  principal  target  parameters  of  interest 
are  the  angular  subtense,  the  temperature  and 
emisslvity  of  th*  planetary  surface,  and  In  the 
case  of  a  planet  with  an  atmosphere,  the  limb 
profile.  Finally,  the  sensor  parameters  are  the 
design  decisions  which  mutt  be  made  to  con- 
•truct  hardware  to  fulfill  the  eyetem  require¬ 
ment!.  In  the  following  sections  some  of  these 
factors  will  be  considered  in  more  detail. 

II.  CHARACTERISTICS  OF  THE  INFRARED  HORIZON 

Fundamental  to  obtaining  high  accuracy  are 
the  characteristics  of  th*  infrared  horizon.  This 
is  diicusttd  in  mors  detail  in  another  paper  but 
It  It  neceseary  at  thie  point  to  indicate  briefly 
how  and  why  they  affect  the  horizon  sensor  de¬ 
sign  and  accuracy.  Th*  true  or  hard  horizon  of 
th*  earth  can  only  rarely  be  seen  from  space,  be¬ 
ing  obscured  by  clouds,  haze,  and  atmospheric 
absorption.  Therefore,  thn  thermal  horizon  ap¬ 
pears  as  a  radiance  gradient  fading  into  the  space 
background,  which  can  subtend  as  much  as  2*  at 
low  orbiting  altitudes.  This  gradient  has  a  dif¬ 
ferent  appearance  and  stability  in  various  spec¬ 
tral  regions  ,  From  sxperlmental  and  theoretical 
studies  of  these  profiles,  stable  characteristics 
have  been  found  which  penr.lt  identification  of  a 
point  on  the  profile  which  is  always  a  fixed  alti¬ 
tude  above  the  true  horizon.  A  signal  processing 
technique  to  detect  such  a  point  has  been  called 
a  "locator."  It  has  been  shown  that  by  spectral 
filtering  to  the  14,5-15.5  micron  band,  and  use 
of  a  suitable  locator,  an  uccuracy  of  0.02'  can 
be  aohitved  from  low  orbiting  altitude*  . 

This  problem  is  non-existent  on  the  moon 
because  of  the  absence  of  an  atmosphere;  how¬ 
ever,  another  and  equally  disturbing  phenomenon 
occurs,  namely,  thn  large  variation  in  horizon 
radiance  over  the  lunar  disc,  In  practical  sen- 
sari,  a  horizon  "locator'  it  required  to  overcome 
this  effect  a*  well , 
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We  shall  fir  at  conalder  the  ilmpler  problem 
of  Identifying  the  ia-called  "hard"  horlcon  where 
there  is  no  gradient  caused  by  the  atmosphere. 
This  Is  the  situation  with  the  moon,  or  the  earth 
at  long  distances  where  the  angular  subtense  of 
the  atmosphere  becomes  negligibly  small,  The 
v/orst  case  is  encountered  on  the  moon  where  the 
surface  temperature  range  of  120*K  to  3B0*K  will 
produce  a  radiance  range  of  50/1  in  the  14  -  35u 
spectral  region.  A  simple  hcrlion  location  exam¬ 
ple  for  this  oase  is  sketched  in  Figure  1.  Con¬ 
alder  the  field  of  view  of  an  infrared  detector 
scanning  across  the  edge  of  the  moon.  The  horl- 
*on  will  be  Identified  as  the  angular  position 
where  the  signal  exceeds  a  pre-established 
threshold  level  which,  in  this  example,  is  taken 
as  1/2  the  full  cold  moon  signal.  If  the  field  of 
view  is  infinitesimally  small,  the  correct  horiton 
position  P  will  be  identified  regardless  of  the 
temperature  of  the  horizon.  Kowsvei  if  a  wide 
field  Is  used  as  shown,  the  horizon  will  be  iden¬ 
tified  at  A  on  a  hot  horizon  and  at  B  on  a  cold 
one,  which  will  produce  an  error  equal  to  almost 
half  the  field  of  view.  Thus  if  the  field  were  2 8 , 
an  error  up  to  1°  could  result  depending  upon  the 
temperature  of  the  lunar  horizon, 

An  obvious  means  of  reducing  the  error  is  to 
lower  the  threshold,  since  A  and  B  approach  P 
as  the  threshold  approaches  zero.  This  is  called 
a  minimum  threshold  locator  technique,  In  prac¬ 
tice,  a  limit  is  reached  by  the  detector  noise  and 
the  threshold  must  be  placed  well  above  the  noise 
level,  The  threshold  can  be  made  as  low  as  de¬ 
sired  by  increasing  the  optical  collecting  aperture 
to  improve  the  signal/nolse  ratio. 

Another  technique  Is  to  adjust  the  threshold 
to  a  fixed  percentage  of  the  full  edge  radiance. 
This  could  be  accomplished  by  using  two  detec¬ 
tors  separated  so  that  the  field  of  one  was  com¬ 
pletely  filled  below  the  horizon  before  the  second 
reached  the  horizon.  The  signal  developed  by 
the  first  detector  would  then  be  used  to  set  the 
threehold  for  the  second.  In  scanning  systems, 
the  edge  radiance  could  be  stored  an  one  scan 
and  used  to  adjust  the  detection  threshold  for  the 
following  soan  -  the  process  continuously  updat¬ 
ing  itself.  For  example,  if  the  threshold  were 
always  adjusted  to  50%  of  the  edge  radlanoe  the 
horizon  would  always  be  Identified  at  point  5  for 
any  edge  temperature .  The  true  horizon  position 
P  can  then  be  determined  since  the  displacement 
B-P  is  a  known  constant,  in  this  nose  half  the 
field  of  view  $.  This  technique  is  called  a  nor¬ 
malized  threshold  locator. 

In  praotloe  other  factors  enter  to  distort  the 
idealized  situation  shown  in  Figure  1,  and  must 
be  considered.  The  sensitivity  over  the  field  of 
view  will  not  be  perfectly  uniform  because  of 


spatial  variations  it,  detector  responsivlty  and  , 

optical  aberrations  .  Also  the  frequency  response 
of  the  detector  and  associated  electronics  will  j 

tend  to  round  off  the  corners  of  the  waveshape,  < 

which  is  a  further  limitation  to  uee  of  a  very  low  ■' 

threshold .  j 

* 

When  we  oonslder  the  earth  from  low  altl-  * 

tuden  an  added  complexity  develops;  the  Infrared  ^ 

horizon  no  longer  appears  sharp  but  is  diffuse  ; 

because  of  the  emission  of  the  atmosphere.  The 
plot  of  radiance  seen  from  spacs  vs.  altitude 
above  the  earth's  surface  is  called  the  horison 
profile  and  is  dependent  upon  the  local  atmos-  < 

pherlc  conditions,  and  the  spectral  region  in 
which  it  is  viewed.  Figure  2  shows  calculated 
profiles  for  ths  B  -  12u  atmospheric  window.  The 
profiles  ars  computed  for  different  atmospheric 
structures  dependent  upon  latitude,  season  and 
weather  conditions .  Since  dear  air  Is  fairly 
transparent  in  this  region  the  horizon  is  deter¬ 
mined  by  the  surface,  or  clouds;  —  usually  the 
latter  because  of  the  long  tangent  slant  path 
through  the  atmosphere.  The  variations  in  cloud 
height  with  different  weather  conditions  strongly 
affect  the  shape  of  the  profiles  and  make  this  a 
poor  spectral  region  if  high  accuracy  is  desired. 


Figure  3  shows  profiles  for  the  same  range  of 
atmospheric  conditions  in  the  carbon  dioxide  ab¬ 
sorption  band  betwssn  14  and  16;u.  The  surface 
and  clouds  are  veiled  in  this  region  by  the  opaque 
CO^  in  the  upper  atmosphere  and  consequently 
the  profiles  ars  much  more  uniform.  Ths  differ¬ 
ences  ars  almost  entirely  caused  by  the  change 
In  stratospheric  temperature  with  latitude.  If 
these  profiles  ars  normalised  with  respect  to  ths 
peak  radiance,  they  almost  perfectly  overlay  each 
other.  This  indicates  that  the  normalised  thresh¬ 
old  locator  technique  described  previously  would 
Identify  a  point  a  fixed  dlr.ance  above  the  true 
horison,  which  is  independent  of  weather  condi¬ 
tions  or  latitude.  For  establishing  attitude  this 
is  equivalent  to  sensing  ths  true  horizon. 

Beoctuse  of  the  stability  of  ths  horison  pro¬ 
file  and  the  uniformity  of  radiance  over  the  sur¬ 
face,  the  14  -16|i  hand  is  the  best  spectral  re- 
gionfor  obtaining  high  accuracy  attitude  informa¬ 
tion  wi'h  respect  to  .ns  earth.  By  using  suitable 
locator  techniques,  an  accuracy  of  0.6  km  can  be 
obtained  which  corresponds  to  0.02*  from  a  300 
km  altitude.  However,  use  of  this  band  provides 
no  advantage  in  attitude  sensing  against  ths  moon, 
and  the  narrow  spectral  filtering  only  reduces  the 
radiation  signal.  Because  of  the  low  temperature 
of  the  dark  side  of  the  moon,  it  is  necessary  to 
collect  as  much  radiation  as  possible.  Thus  It  Is 
desirable  to  use  a  wide  spectral  bandwidth  ex¬ 
tending  out  to  long  wavelengths.  The  spectral 
band  from  14  to  35|a  Is  a  good  compromise  for 
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combined  operation  with  the  earth  or  the  moon. 

The  ihort  out-off  at  14p.  reduce*  the  dynamic 
range  of  lunar  radiance  from  the  hot  to  cold  side* 
and  alio  block*  the  atmospheric  window  where 
cloud  effect*  from  the  earth  are  moat  troublesome. 
The  earth  atmosphere  is  opaque  in  the  14  -  35u 
region  because  of  CO2  and  water  vapor  ab¬ 
sorption  . 

ill.  ca. 

As  has  been  mentioned,  at  least  for  the  earth 
and  moon,  the  range  of  apparent  planetary  tem¬ 
peratures  to  be  sensed  extends  from  120*K  to 
380 ‘K.  Detector*  sensitive  to  such  thermal  ra¬ 
diation  muet  respond  to  long  wavelengths  from  8 
to  40  microns  ,  Photoconductive  detectors  highly 
sensitive  in  this  region  have  been  developed 
such  as  copper  or  cine  doped  germanium,  but 
these  all  must  be  cooled  to  temperatures  in  the 
neighborhood  of  liquid  helium.  Reliable  cooling 
to  these  temperatures  for  long  periods  of  time  is 
difficult  in  space  systems  and  the  most  suitable 
detectors  are  the  thermal  type* ,  such  as  thermis¬ 
tor  bolometers  and  thermopile*  which  do  not  re¬ 
quire  cooling.  Of  these  the  thermistor  bolometer 
is  the  most  sensitive  and  has  found  greatest  use. 
They  are  usually  immersed  on  a  germanium  lens 
for  increased  detectivity. 

The  thermal  detectors  operate  by  virtue  of 
the  heating  offect  when  incident  radiation  is  ab¬ 
sorbed  on  the  sensitive  element.  The  very  small 
temperature  change  resulting  affect*  *ome  phys¬ 
ical  parameter  such  a*  the  resistance  which  can 
be  read  out  electrically.  An  Inherent  difficulty 
in  the  use  of  such  detector*  is  the  identification 
or  separation  of  the  temperature  change  caused 
by  the  desired  radiation  from  the  very  much  larger 
ambient  temperature  variations  .  For  example,  in 
a  typical  horizon  sensor  the  change  in  radiation, 
when  the  field  of  view  scans  from  space  onto  the 
earth,  Increases  the  detector  elemont  temperature 
about  0.001'C.  The  sensor  must  be  designed  so 
that  this  temperature  differential  may  be  detected 
in  epite  of  ambient  temperature  variation*  10,000 
to  100,000  times  greater. 

The  most  common  way  of  separating  the  de¬ 
sired  temperature  change  from  unwanted  internal 
effect*  is  by  optical-mechanical  scanning  or 
chopping.  This  modulates  the  external  radiation 
signal  at  c  relatively  high  frequency,  and  spu¬ 
rious  signal*  produced  by  the  slowly  changing 
ambient  temperature  can  be  removed  by  capaci¬ 
tance  coupling  to  the  electronic  ampll'ler.  It  1* 
important  to  notice  that  such  modulation  must  be 
done  on  the  radiation  eignal  before  detection  and 
not  on  the  electrical  output.  Electronic  chopping 
will  modulate  both  external  and  internal  signals 
nnri  in  of  no  value  In  this  respect. 


Thermal  detectors  which  depend  upon  a  re¬ 
sistance  change  for  signal  generation,  such  as 
thermistor  or  metal  bolometere,  are  much  more 
subject  to  internal  temperature  effecte  than  ther¬ 
mocouple  types.  The  reason  for  this  is  that  In 
order  to  seme  the  reelitance  change  a  bias  cur¬ 
rent  must  be  used  to  convert  it  to  a  voltage  sig¬ 
nal.  The  detlred  signal  thus  appears  as  a  vert' 
small  change  superimposed  on  the  much  larger 
bias  voltags.  Bridge  arrangements  of  detector 
element*  may  be  used  to  buck  out  the  large  bias 
voltage,  but  it  is  practically  impoesible  to  main¬ 
tain  the  degree  of  balance  necessary  over  a  wide 
ambient  temperature  range.  Optical  modulation, 
of  course,  solves  the  problem  since  the  d.c. 
bias  voltage  is  filtered  out,  therefore  these  de¬ 
tectors  are  seldom  used  without  optical  modu¬ 
lation, 

Thermocouple  detectors  do  not  require  bias¬ 
ing  and  are  thus  free  of  this  problem.  The  only 
voltage  appearing  is  the  thermoelectric  EMF  pro¬ 
duced  by  the  radiant  heating  of  the  junction,  and 
this  it  not  superlmpossd  on  a  biasing  voltage , 
Unmodulated  optical  syitems  are  therefore  fea¬ 
sible  with  thermocouple  or  thermopile  detectors. 
However,  even  with  these  deteotori,  oare  must 
be  taken  in  the  design  to  ellminats  spurious  sig¬ 
nals  from  internal  temperature  gradients  and  self- 
emission  of  optical  parts.  Also  thermocouple  de¬ 
tectors  sufficiently  rugged  tor  space  applications 
are  much  slower  and  less  sensitive  than  thermis¬ 
tor  detectors  > 

The  elimination  of  optical  chopping  and 
scanning  mechanisms  Is  highly  desirable  for 
space  millions  where  very  long  life  and  low 
power  are  neceesary.  The  spurious  signals  or 
drifts,  inherent  in  unmodulated  syetems,  make 
them  relatively  less  accurate  than  optically 
scanned  systems.  Therefore,  thermopile  detec¬ 
tors  are  most  suitable  for  applications  where  low 
power  and  long  life  are  paramount,  and  where  re¬ 
striction*  in  other  performance  characteristics 
can  be  tolerated . 

IV.  BASIC  SENSING  TECHNIQUES 

The  detector  must  be  employed  in  an  optical 
arrangement  to  provide  information  from  which  the 
coordinate*  of  the  center  of  the  planetary  diec 
can  be  determined  to  the  degree  of  accuracy  de¬ 
eded.  A  number  of  syetems  have  been  developed 
for  this  purpose.  Thee*  can  all  be  shown  to  be 
version*  of  three  general  categories  which  we 
shall  designate  ar  follows; 

(1)  Wide  Angle  Scanning  Syitems 

(2!  Edge  Tracking  Systems 

(3!  Radiometric  Balance  System* 
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The  detector  held  of  view  and  scan  pattern 
associated  with  these  techniques  are  shown  In 
Figure  4.  In  the  conical  soan,  which  Is  typiocl 
of  the  wide  angle  scanning  systems,  the  Instan¬ 
taneous  detector  field  is  relatively  small  and  Is 
caused  to  scan  through  a  large  cone  whose  apex 
angle  may  be  as  much  as  180s,  although  an  apex 
angle  between  S0‘  tc  120*  Is  more  usual.  The 
deteotor  signal  generated  will  be  an  approxi¬ 
mately  rectangular  waveshape  repetitive  at  the 
scan  frequency.  This  waveshape  Is  usually 
limited  in  some  fashion  to  eliminate  amplitude 
dependence,  and  then  position  Information  is  de¬ 
rived  by  a  phase  or  pulse  width  comparison  tech¬ 
nique,  Two  sensors  are  used  to  generate  pitch 
and  roll  attitude  information. 

Most  horizon  sensor  systems  flown  to  date 
have  been  of  the  conical  soan  type  because  it 
possesses  a  number  of  very  significant  advan¬ 
tages.  It  has  excellent  acquisition  capability, 
attained  without  additional  search  modes  because 
of  the  wide  scan  angle.  The  attitude  information 
is  derived  from  time  characteristics  of  an  ampli¬ 
tude  limited  waveshape  and  in  therefore  rela¬ 
tively  Insensitive  to  radiance  variations  over  the 
surface  of  the  planet,  Another  advantage  is  that 
because  of  the  wide  field  scanned  it  is  certain 
that  some  portion  of  the  scan  will  leave  the  plan¬ 
et  and  view  space.  This  provides  an  absolute 
zero  radiance  level  against  which  any  portion  of 
cny  planet  must  give  a  positive  contrast.  Uso 
can  be  made  of  this  reference  In  setting  limiting 
levels  so  as  to  prevent  the  system  from  confusing 
radiance  discontinuities  on  the  planetary  surface, 
such  as  may  be  produced  by  the  terminator  or 
clouds,  with  the  true  horizon.  This  can  bo  a  se¬ 
rious  problem  with  edge  tracking  systems,  The 
primary  disadvantage  of  the  conical  scan  sensor 
U  the  need  for  high  speed  rotating  elements 
which  restrict  life  and  cauee  lubrication  com¬ 
plications  in  spaceborne  applications. 

The  basic  concept  of  the  edge  tracking  sys¬ 
tem  is  shown  In  Figure  4-8.  A  small  detector 
field  cf  view  is  caused  to  lock  onto  the  radiance 
discontinuity  at  the  edge  of  the  planetary  disc. 
This  is  usually  accomplished  by  oscillating  the 
detector  field  through  a  small  angle  normal  to  the 
horizon  edge  and  moving  the  entire  sensor  or  the 
oscillating  field  until  a  balanced  waveshape  is 
obtained.  Multiple  seneor  heads  may  be  used, 
in  which  case  at  least  three  are  necessary,  or  a 
single  oscillating  field  may  be  caused  to  trace 
around  the  odge.  In  either  case, the  horizon  po¬ 
sition  is  determined  by  reading  out  the  position 
of  the  center  of  the  oscillating  field  with  respect 
to  spacecraft  coordinates,  l.e,,  angles 
83,  and  84  in  Figure  4-B. 


For  equivalent  optics  and  detectors,  this 
type  of  system  will  have  a  better  slgnal-to-nolse 
ratio  than  the  wide  angle  scanning  typee  becauee 
of  narrower  electronic  bandwidth.  It  leadi  to  a 
much  more  complicated  system,  however,  be¬ 
cauee  separate  search  and  edge  tracking  move¬ 
ment!  must  be  provided  on  each  sensing  head 
along  with  precision  position  readouts, 

A  high  price  is  paid  for  this  narrow  band¬ 
width  and  consequent  greater  sensitivity.  With¬ 
out  the  wide  angle  soan,  the  previously  men¬ 
tioned  space  reference  is  lost,  and  there  is  no 
convenient  way  for  the  system  to  sense  whether 
the  signal  is  from  the  true  horizon  or  some  other 
discontinuity  such  as  a  cloud  edge  or  terminator 
which  oan  be  much  greater  than  the  horizon  sig¬ 
nal.  Various  devices  euch  ai  auxiliary  detector* 
may  be  employed  to  prevent  locking  on  falee 
edges,  but  they  further  complicate  the  eyitem. 
The  edge  tracking  type  cf  eyetem  would  appear 
best  suited  for  application  where  spectral  filter¬ 
ing  to  a  narrow  atmospheric  obeorptlon  band  euch 
as  the  15u  C02  band  can  eliminate  radiance  va¬ 
riations  over  the  planetary  disc.  The  Increased 
detectivity  of  this  type  system  would  compensate 
for  the  large  reduction  in  elgnal  caused  by  the 
spectral  filtering. 

The  former  two  system*  employ  optical  mod¬ 
ulation  by  mechanloal  means,  It  should  be 
pointed  out,  however,  that  a  stationary  amiy  of 
detectors  could  be  used  whose  outputs  are  elec¬ 
tronically  sampled.  Frr  example,  Iri  □  conical 

■  can  system,  instead  of  mechanically  cauelng  a 

■  mall  detector  field  to  scan  over  a  wide  circle, 
a  stationary  array  of  detector  elements  can  be 
placed  to  view  the  same  circle,  and  the  array 
sequentially  sampled  electronically ,  Thermopile 
detectors  are  particularly  well  suited  for  this 
technique,  and  a  system  of  this  type  hoe  been 
developed . 

The  radiometric  balance  type  sensor  Is  a 
non-scanning  system  and  operates  by  comparing 
the  radiation  received  from  opposite  portions  cf 
the  planet.  Wide  fields  of  view  are  neoessary  to 
ichleve  a  proportioned  output.  A  possible  ar¬ 
rangement  cf  detector  fields  is  shewn  in  Figure 
3C.  Four  wide  angle  stationary  fields  are  em¬ 
ployed  designated  a,  b,  c,  and  d;  and  attitude 
information  is  obtained  by  the  difference  ,n  ra¬ 
diant  power  received  from  opposite  fields,  l.e., 
Pc  -  PQ  and  P[j  -  Pj,  This  obviously  only  gives 
accurate  results  if  the  planet  1*  uniformly  ra¬ 
diant,  and  therefore  this  system  is  primarily 
suited  for  use  with  planets  of  uniform  radiance 
such  as  Venus  or  where  only  coarse  pointing  in¬ 
formation  is  necessary. 


1TJ 


The  great  virtue  of  this  system  is  its  extreme 
simplicity  and  consequent  high  reliability,  by 
using  thermopile  detectors  no  moving  parts  are 
necessary  and  very  long  life  can  be  achieved. 
Non-uniform  radiance  effects  can  sometimes  be 
minimized  by  spectral  filtering. 

In  the  remainder  of  this  paper,  several  ex¬ 
amples  of  operational  sensors  employing  these 
principles  are  described. 

V.  WIDE  ANGLE  SCANNIKQ-5YSIEMS- 

The  conical  scanning  horizon  sensor  has 
been  the  most  commonly  used  system  of  this 
type.  A  cross  sectional  view  of  a  typloal  sensor 
of  this  type  is  shown  in  Figure  S.  The  conical 
scan  is  produced  by  a  germanium  prism  mounted 
on  a  hollow  barrel  which  is  driven  through  gear¬ 
ing  by  a  small  motor.  An  internal  phase  reference 
signal  Is  developed  by  a  semicircular  iron  vane 
on  the  hollow  barrel  and  a  stationary  magnetic 
pick-up.  The  detector  is  a  germanium  Immersed 
thermistor  detector,  The  sensor  Is  filled  with  dry 
nitrogen  and  hermetically  sealed  to  prevent  eva¬ 
poration  of  lubricants.  A  germanium  front  window 
is  used  with  a  multilayer  interference  filter  to  de¬ 
fine  the  spectral  band.  Overall  dimensions  are 
approximately  3-1/2"  diameter  and  7"  long. 

A  typloal  scan  geometry  is  shown  in  Figure 
6,  Two  sensor  heads  are  usually  used  .  In  this 
configuration,  pitch  attitude  Is  determined  by 
phase  comparison  between  the  detector  signal 
which  is  of  a  rectangular  waveshape,  and  an  in¬ 
ternal  square  wave  reference  generated  by  a 
magnetlo  pick-up.  Roll  attitude  is  obtained  by 
pulse  width  comparison  between  the  detector 
signals  from  the  two  sensor  heads.  An  alternate 
arrangement  Is  to  direct  one  of  the  sensor  heads 
along  the  direction  of  travel  In  whloh  case,  the 
same  phase  detection  processing  is  used  for  both 
pitch  and  roll , 

Figure  7  shows  a  tvpical  wave  shapo  pro¬ 
duced  by  the  conical  scan.  The  earth  pulse  amp¬ 
litude  is  irregular  because  cf  radiance  variations 
over  the  surface  and  is  cleaned  up  by  clipping. 
The  sun  may  also  appear  in  the  scan  and  must  be 
rejected,  which  can  be  done  by  several  methods 
such  as  pulse  width  or  amplitude  rejection,  In¬ 
hibiting  the  output  when  the  threshold  crossing 
rate  Is  doubled,  or  the  use  of  an  auxiliary  short 
wavelength  detector  for  identifying  and  rejecting 
the  sun  pulse . 

Figure  8  show*  the  component  of  u  conical 
scan  horizon  sensing  system  manufactured  by 
Barnee  Engineering  Company  far  use  on  the  Agena 
spacecraft.  It  consist!  of  two  sensor  heads  and 
an  electronic  processing  box  mounted  ona  common 


base  structure.  The  other  unit  an  tne  base  is  an 
inertial  reference  package. 

If  a  satellite  is  spin  stabilized,  the  motion 
of  the  vehicle  itself  can  be  used  to  generate  a 
wide  angle  soan,  and  the  internal  scanning  mech¬ 
anism  oan  be  eliminated.  In  this  case  the  sen¬ 
sor  beocmes  very  simple,  consisting  only  of  a 
lens ,  detector  and  processing  electronics  .  As 
its  flsld  of  view  crosses  tht  horizon  a  pulse  is 
generated,  thus  such  stnsors  are  usually  called 
horizon  croiting  indicators.  They  are  used  to 
measure  spin  rate,  Inclination  of  the  spin  axis, 
or  to  trigger  other  instruments  when  they  arrive 
at  th*  proper  position. 

Figure  9  is  a  photograpn  cf  a  horizoi.  cross¬ 
ing  indicator  used  on  the  INTELSAT  and  TACSAT 
vehicles.  The  sensor  is  about  2"  x  2"  x  4"  in 
ovsrall  dimensions . 

VI.  EDGE  TRACKING  SENSOR 

The  horizon  sensing  system  used  with  the 
Orbiting  Geophysical  Observatory  (Project  OGO) 
is  a  good  example  of  ar.  er'ge  tracking  system.  A 
cross-sectional  view  of  the  basio  sensor  head  is 
shown  In  Figure  10.  A  germanium  immersed  ther¬ 
mistor  bolometsr  at  the  focal  point  of  a  fixed 
tLlescope  views  the  earth  by  a  reflection  from  a 
minor  mounted  on  the  rotor  of  an  electro-magne¬ 
tic  actuator  called  a  Positor,  This  is  shown  In 
Tigure  11  and  is  essentially  a  permanent  magnet 
type  torquer  with  a  set  of  auxiliary  colls  excited 
at  several  kilocycles  to  accurately  rsad  out  the 
rotor  position  In  a  mannar  similar  to  a  resolver. 

It  permits  the  mirror  to  be  positioned  at  any  point 
ever  a  49°  angle  and  also  superimposes  a  small 
rapid  sinusoidal  oscillation  or  "dither"  at  q  fre¬ 
quency  of  30  cps  and  a  peak  to  peak  amplitude  of 
3  0 .  The  rotor  Is  mounted  to  the  frame  by  a  pair 
of  flexure  pivots  ic  eliminate  lubrication  and  wear 
problem*.  The  teloscope  aperture  is  2  cm  ar.d  the 
instantaneous  field  of  view  of  the  detector  is  l’x 
1*  which  can  be  positioned  over  a  90°  angle  by 
the  Positor. 

The  sensor  has  two  modes  -  search  ana  track. 
In  the  search  mode  the  instantaneous  field  of  the 
telsscope  is  slowly  scanned  over  a  90°  arc. 

When  the  horizon  Is  reached  a  3u  cps  signal  will 
be  generated  on  the  detector  by  the  small  30  cps 
dither  oscillation  ouperimposed  on  the  Positor 
minor,  The  position  of  the  horizon  within  the 
limits  of  the  dither  oscillation  amplitude  is  indi¬ 
cated  by  the  2nd,  harmonic  content  of  the  de*eo- 
tor  signal,  which  goas  to  zero  when  the  horizon 
le  centered  within  the  dither  oscillation.  The 
Positor  mirror  is  servoed  by  adjusting  its  aver¬ 
age  angle  so  that  the  2nd  harmonic  vanishes. 
The  angle  to  the  horizon  is  then  read  out  from 


74 


the  average  Positor-mirror  position  by  the  read¬ 
out  winding* . 

The  complete  system  i*  comprised  of  four 
such  eeneor  heads  oriented  90°  apart.  These 
measure  the  angles  from  a  reference  axle  to  four 
points  equally  spaced  around  the  horizon  from 
which  the  attitude  of  the  reference  axis  with  re¬ 
spect  to  the  earth  is  determined .  Actually  only 
three  heads  are  required,  the  fourth  giving  re¬ 
dundancy  in  case  of  a  failure.  Also  if  the  sun 
appears  within  the  field  of  view  of  any  of  the 
four  sensor  heads,  that  head  is  removed  from  the 
computation  without  any  loss  of  performance. 

Pairs  of  heads  are  packaged  together  in  a  single 
casting,  the  entire  system  consisting  of  two  such 
dual  tracker  head  castings  und  an  electronic 
package.  Its  total  weight  is  13.2  lbs.  and  it 
consumes  8.5  watts  of  power  (average). 

The  basic  system  has  been  extended  and  ap¬ 
plied  by  TRW  Corporation  to  other  spcoeoraft.  In 
one  version  for  synchronous  altitude  operation, 
the  Positor  dither  motion  is  increased  such  that 
the  sensor  scans  completely  across  the  earth.  In 
this  mode  the  system  is  no  longer  an  edge  tracker 
but  becomes  a  wide  angle  scanner. 

Another  Ingenious  edge  tracking  system  has 
been  developed  by  Quantlc  Industries.  In  this 
system  the  tracking  mirror  is  mounted  on  crossed 
thermostated  bimetallic  springs.  The  arrange¬ 
ment  allows  the  mirror  to  rotate  about  the  cross¬ 
over  of  the  bimetal  springs  as  if  it  were  mounted 
on  a  shaft  with  bearing* .  Mirror  position  is  con¬ 
trolled  by  heating  one  or  the  other  of  the  bime¬ 
tallic  springs .  The  mirror  position  is  read  out 
optically.  The  horizon  is  sensed  by  an  array  of 
three  thermopile  detectors  .  Such  detectors  are 
capable  of  DC  radiometric  response  a*  mentioned 
previously  and,  therefore,  no  dither  motion  need 
bo  superimposed  on  the  tracking  mirror. 

VII-  RADIOMETRIC  BALANCE  SENSORS 

Because  of  their  basic  inaccuracy  ap  dis¬ 
cussed  previously,  such  systems  have  found  lit¬ 
tle  application  although  several  experimental  sys¬ 
tems  have  been  constructed.  A  unique  system  of 
this  type  has  been  used  on  the  Micrometeoroid 
Measurement  Capsule  of  Project  Pegasue.  This 
is  an  unstabllized  spacecraft  which  very  slowly 
tumble*  in  a  random  manner  and  the  problem  wa# 
to  read  out  its  attitude  with  respect  to  the  earth 
upon  ground  interrogation. 

The  attitude  readout  system  employed  con¬ 
sists  of  six  identical  sensor  heads,  each  having 
two  narrow  fields  of  view  pointing  in  opposite 
directions  along  the  same  optic  axis.  The  fields 
of  view  are  2°  x  2  0 .  On  the  space  vehicle  the 


sensor  heads  are  placed  in  such  a  manner  that 
their  optical  axis  are  normal  to  the  surfaces  of  an 
imaginary  dodecahedron  encompassing  the  vehicle 
as  shown  in  Figure  12.  This  produces  an  angular 
separation  between  fields  of  63°  26' . 

The  presence  or  absenoe  of  earth  signal  with¬ 
in  the  twelve  fields  of  view  is  used  to  establish 
the  orientation  of  the  vehicle  relative  to  the 
earth.  The  system  is  only  suitable  for  use  at 
lower  altitudes  such  that  at  Isast  ons  sensor 
field  will  always  view  the  earth.  At  an  altitude 
of  625  km  (130°  subtense  angle)  a  single  inter¬ 
rogation  will  give  an  attitude  readout  accuracy  of 
*10’  about  each  axes,  By  successive  interroga¬ 
tions,  the  vehlclo  tumbling  motion  oan  be  deter¬ 
mined  and  the  accuracy  improved  to  about  *1  ° . 

A  photograph  of  one  of  the  six  sensor  heads 
is  shown  in  Figure  13.  Two  inch  diameter  ger¬ 
manium  objective  lenses  are  mounted  at  opposite 
ends  of  an  optical  tube  focusing  radiation  onto  a 
pair  of  thermopile  detectors  at  the  center  of  the 
tube.  The  thermopiles  are  connected  in  senes 
opposition  so  that  a  positive,  nsgative,  or  zero 
signal  will  result  depending  upon  whether  the 
earth  1*  seen  in  one  field,  the  other,  or  neither, 

The  long  life  capability  of  this  type  of  sys¬ 
tem  has  been  amply  demonstrated  on  this  program 
since  one  of  these  spacecraft  le  still  in  orbit  and 
the  earth  altitude  sensing  system  working  after 
about  4  years . 

In  conclusion,  it  may  be  stated  that  infrared 
horizon  sensor*  have  and  are  being  effectively 
used  on  a  wide  variety  of  earth  orbiting  space 
missions  and  it  is  expected  that  they  will  find 
additional  use  lr.  the  future  on  orbiting  missions 
to  the  moon  and  other  planets . 
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EEYELOPWJTr  ASX)  APPUCATXOS  07  A  STAR- MAPPER}  nCHCIQU*  TO  THE  ATTITUDE  BTTBMI  RATIOS  OF 
THE  8PIS- STABILIZED  PROJECT  SCASTTO  SPACECRAFT* 


Thome*  M.  Waleh  And  Dwayne  E.  Hinton 
RASA  langley  Research  Center 
Hampton,  Virginia 


ABSTRACT 

(U)  Determination  of  the  politico*  of  the  Infrared  radiance  profiln 
of  the  earth 1  *  horlion  aeaeured  during  two  euborbltal  Project  Scanner 
flight*  required  that  thi  Instantaneous  epacecraft  attitude  bo  detarmlnad 
with  an  a o curacy  (la)  of  0.0l6°,  Thli  requirement  led  to  the  develop* 
sent  of  a  caleatlal  attitude  determination  procedure  uiing  a  itar-mapper. 
Thia  procedure  vaa  lupaeeefully  applied  to  flight*  on  August  16,  1966, 
and  December  10,  1966,  with  as  estimated  accuracy  of  0.01°.  The  immi¬ 
nent  deelgn  and  data  procetilng  technique*  are  dlecueeed. 

(U)  A  summary  of  flight  reeult*  lnoludlng  algnal  and  nolle  oharaeter- 
litlai,  elgnal  detection,  time  aeaiureaent  accuraciea,  and  exaoplee  of 
attitude  determination  of  aeleoted  axe*  la  alio  preaented. 


aawwgnwi 

(’J)  A  reaearoh  program  at  the  Langley  Research 
Center,  directed  to  defining  the  radiance  elgna- 
ture  of  the  earth'*  horlacn,  hae  Included  eeveral 
flight  experiment!  which  obtained  data  lr.  a  wide 
ipeotral  range.  One  of  theee  experiment*,  called 
Project  Scanner,  which  utilized  a  apln-itabillzed 
apace  craft  launched  Into  a  auborbltal  trajectory, 
va*  deelgned  to  obtain  high-reaolution 
meaiurementa  of  the  earth’*  horlaon  radiance 
profile  In  the  carbon  dioxide  and  water  vapor 
ipectral  reglone  and  to  poaltlon  the*e  meaiure- 
tent*  relative  to  the  aolld  earth  with  a  la 
accuracy  of  0.022°.  Determination  of  the 
poaltlona  of  thee*  profile*  require;'  that  the 
lnetantaneoue  epacecraft  attitude  be  determined 
vith  an  accuracy  (la)  of  0.016°  (Ref.  1),  Thle 
requirement  led  to  the  development  of  a  caleatlal 
attitude  aeaeurement  procedure  uiing  a  etar- 
mapplng  technique.  Figure  1  llluitratee  the 
application  of  thle  technique  to  the  Project 
Scanner  experiment.  Aa  ahovn  In  the  figure, 
epacecraft  apis  motion  ecan*  the  field  of  view  of 
an  optical  eyatam  about  the  caleatlal  epher*. 
Detection  and  identification  of  atari  falling 


within  the  field  of  view  remit  In  a  itar  map 
that  la  deiarlptlve  of  ipaaecraft  attitude 
relative  to  the  celestial  ipher*. 

(U)  The  dealgn  of  the  itar-mapper  1*  di*cu***d 
and  a  daicriptlon  of  It*  bade  element*  *uch  a* 
the  optic*,  photomultiplier,  reticle,  electronic* 
and  run  inlaid  1*  Included.  A  brief  dlicuaalon 
of  the  technique*  u**d  for  proceulng  the  Project 
Scanner  • tar-mapper  elgnale  1*  alio  Included, 
“eeulti  from  Scanner  flight*  1  and  2  of  A'uguat  l6 
1966,  and  December  10,  1966,  are  eummarliid. 

8IAR-MAPKP  CORCPT 

(U)  The  measurements  uaed  to  obtain  attitude 
lnforeatlor  ware  provided  by  a  paeelvely  (canned 
itar-mapper,  which  le  deecribed  In  detail  In 
Ref.  2.  A  'icheaatlc  of  the  itar-mapper  le  ehown 
in  Fig.  2.  The  Instrument  mounting  poeltioned 
the  itar-mapper  optical  axle  normal  to  the 
expected  principal  epic  axl*  of  the  epacecraft. 

A  coded  reticle,  ihown  In  Fig.  2,  wa*  centered  in 
the  focal  plane  of  the  inetrinent.  A  photo - 
detector  wae  placed  behind  the  reticle,  vhloh  wae 
principally  opaque  and  contained  a  pair  of 


* 

Thi*  work  vae  don*  at  KARA  Langley  Research 
Center,  Hampton,  Virginia 


( U )  Fig.  1.  Sonrj.tr  Spacecraft  Operational  Schematic 


identically  coded  sequences  of  tr&niparent  elite, 
one  vertical  group  and  one  elanted  group.  Each 
sequence  of  treniparent  tilt*  In  the  ktar-xapper 
vai  detlgned  to  generate  an  output  cod*  group 
indicating  the  passage  of  a  tt&r  acroee  the 
reticle.  The  elapsed  time  (Atj_)  betveen  a  pair  of 
pulse  groups  produced  by  a  tingle  star  le  related 
to  the  elevation  angle  of  that  etar  in  the  field 
of  vlcv  of  the  etar-mapper.  The  elapeed  time 
(At^>)  betveen  pulee  group*  produced  by  a  pair  of 
star*  le  related  to  their  atiauth  angle  eeparatlon. 

(u!  The  coding  feature  of  the  reticle  vqs  used 
to  reduce  the  eyetea  reeponee  to  instrument  nolea 
and  to  background  noise  due  to  the  multitude  of 
star*  dinner  than  a  selected  threshold  visual 
argnltude.  Thi*  feature  permitted  limiting  of  the 


nuaber  of  detected  start  by  adjustment  of  the 
threshold  sagnitud*  and  reduction  of  falee  detec¬ 
tions  due  to  epurloue  noise  by  adjustment  of  the 
detection  logic  (Ref*.  2  and  3).  limiting  of  the 
nuaber  of  detected  et.are  and  reduction  of  false 
detection*  eased  thr  problem  of  identification  of 
the  sighted  etar*.  Spin  motion  of  the  spacecraft 
caused  etar  images  t?  travel  acroee  the  reticle 
and  produced  tvo  coded  sequence!  of  radiant 
energy  vhlch  ver#  sensed  by  the  photodetector  and 
transmitted  to  a  ground  receiving  station.  The 
grou:.  .-received  coded  etar  signal*  vers  tap* 
recorded  simultaneously  vith  rang*  time  signal* . 
Processing  of  the  recorded  star  signals  consisted 
of  four  major  operations:  time  detection  of 
apparent  star  sightings,  m&nurl  pairing  of  star 
sighting  tlmee  to  reducs  the  number  of  false  star 
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lighting!,  identification  of  detected  atari,  and 
identification  of  the  parameter*  of  tha  dynamical 
aquation*  of  notion  daaoriblng  tha  apacacraft 
attitude.  A  brief  daaorlptlon  of  thaia  oparatloni 
la  glvan  in  this  papar. 

amnLasaa  ssssEwam 

(U)  Slnaa  tha  baaic  atar-mappar  aaaiuranant  la 
tha  tlaa  a  star  Image  tranalta  a  reticle  alit,  tha 
lnatruaant  aeauraoy  la  dataralnad  by  tha  reaolu- 
tlon  of  time  dataotlon  of  a  atar  pule*.  There¬ 
fore,  In  daalgn,  It  la  nacaaaary  to  conaldar  not 
only  tha  optical  flald  alatortlcn  and  retiola 
inacouraciai  but  alao  tha  optical  laag*  quality 
and  alactronlo  ayatan  fldallty  that  affact  tha 
atar-ilgnal  pulae  ahapa,  Tha  optical  and 
•lac-ronlc  daalgn  requirement*  ara  further 
conatralnad  by  tha  apaslflc  flight  requirement* ■ 

On  Project  Scanner,  thaaa  requirement*  vara 
a  2T0°  par  aac  apin  rata,  a  day  or  night 
oparation,  a  mechanical  anvalopa  of  mi, 6“  by 
25 •‘*■0  by  54,61  cm,  and  a  man  limitation  of 

16  kg. 

(U)  A  major  problem  Involved  In  a  ayatem  of  thla 
type  la  algnal  dataotlon  In  tha  praaanca  of 
ayatam  and  external  nolaaa.  Tha  algnal  lavala  are 
principally  a  function  of  the  number  of  required 
atar  elghtlngi  tor  identification  purpoaei.  Tha 
nolle  aourcea  Inveatlgated  for  tha  lnatruaant 
daalgn  varai  external  nnlee  due  to  background 
atarllght,  nolaa  of  tha  photomultiplier  tuba,  and 
electronic  nolle  of  tha  ayatam ■  Tha  nolee  due  to 
atarllght  vaa  conaldarad  to  originate  from  tha 


dimmer  or  nonpromlnant  atari.  Thla  external 
light  vaa  aaaumad  to  ba  of  a  dlffuaa  nature) 
hence,  tha  nolae  aa  earned  by  tha  photomultiplier 
la  dependant  upon  tha  effective  flald  of  vlev  of 
the  talaacopa.  Effective  flald  of  vlev  la 
defined  hare  aa  tha  total  clear  opening  of  tha 
reticle  in  tha  focal  plana.  Tha  background  light 
may  ba  conaldarad  aa  an  equivalent  algnal  In 
tama  of  total  integrated  atarllght,  and 
exp  re  a  led  In  affective  number  of  tenth-magnitude 
atari  per  aquare  degree  of  affective  flald  of 
via*  (Ref*.  ^  and  6).  Thla  equivalent  algnal 
can  than  ba  handled  In  a  manner  elmllar  to  the 
atar  algnal  to  determine  the  effective  nolle 
level  aa  earned  by  tha  photomultiplier .  Nolae 
aourcea  auch  aa  the  electronic  nolae  of  the  air¬ 
borne  equipment  and  radio  frequency  nolae  are 
negligible,  aa  compared  vlth  tha  other  nolae 
aourcea  mentioned  hare. 

(U)  For  pealtive  Ini r.tiflcation  of  a  ecajmed 
atar  flald,  It  la  necnaaary  to  Inaura  that  an 
adequate  number  of  detectable  atari  vlil  ba 
acanntd  In  a  glvan  atar  flald.  It  haa  Dean 
determined  that  a  6°  field  of  view  eoanned 
through  360°  of  tha  celeatlal  aphere  will  aatlafy 
a  three-boly  lighting  requirement  vhen  tha 
denalty  of  tha  atari  contained  within  the  acanned 
flald  of  view  approximate!  tha  atar  denalty  of 
tha  maan  galactic  latitude,  a*  ehovn  in  Fig.  3 
(Ref.  3).  The  launch  vlndova  for  both  flight! 
vara  aalactad  to  lnaure  that  tha  denalty  of  atari 
viewed  by  tha  itar-mapper  would  approximate  thla 
denalty  for  tha  brighter  atari. 


191 


VISUAL  MAGNITUDE,  m 


( ’J)  Fig.  3<  Spatial  Dtnalty  of  Sturi  Per  Revolution  of 
a  6°  Vertical  Fiald  of  VI ev 


(U)  The  »W  algnala  generated  by  the  photo¬ 
multiplier  in  dependent  upon  th»  apeotral  radiant 
Intimity  of  the  itar  icurot  and  th»  apeotral 
characteristic  a  of  tht  optic*  and  photaailtipller . 
Tht  ipectral  radiant  lnttniltlti  of  star  aouroea 
wtrt  determined  by  ualng  equivalent  aource- 
ttaipereture  approximation*  tnd  assuming  bleckbody 
■ptetrt  for  >3  visual  magnitude  *nd  brighter  itur*. 
A  *urvty  of  tht  literature  indicated  that  the 
Majority  of  star*  of  *3  vleual  Magnitude  and 
brighter  have  lourot  temperature*  of  6,000°  and 


hotter  (Rtf*.  I*  and  3) .  In  addition,  the 
"average"  source  tonpera.tur*  of  the  syriad  of 
■tar*  vhioh  sake  up  tht  *Xy  background  1* 

6,000°  K  or  colder  (Ref*,  a  and  6).  The  repre- 
■entative  aouro*  ttaperaturt*  clearly  Indicated 
that  the  peak  ipectral  rtipon**  of  the  atar- 
oapptr  ahould  11*  tovard  tht  ahort-vavelength 
region  relative  to  tht  vleual  apectrua.  Baaed  on 
avallablt  glaaa  for  tht  optical  ayatea  and  photo¬ 
multiplier*,  th*  ahort-vavelength  cutoff  of  the 
lnatrunent  vaa  aaleeted  to  be  3,200  angatroeui  aa 
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a  design  eoaj. .  the  long-v»yelength  cutoff  of  the 
Instrument  vu  ssleoted  to  be  6,000  angstroms  to 
provide  a  eufflolent  aaou&t  of  itar  lrradianoe 
integration  for  star- signal  detection  and  to 
reduce  th«  response  of  tba  instruasnt  to  back- 
ground  light. 

(U)  Tba  Frojaot  Scaantr  experiment  required 
that  tha  spacecraft  attltudo  ba  determined 
continuously  with  a&  a o curacy  (la)  of  0.016°.  A* 
a  aaa&i  of  Insuring  that  tha  axpariaeut  acouraoy 
requirsment  vai  mat,  a  la  aacuraay  of  0.006°  vu 
establlshad  for  lighting*  of  Individual  atari. 

This  aoouracy  of  0.006°  included  thi  affect*  of 
optical  resolution,  ratlal#  lilt  width*,  and  a 
10-mleroseoond  time  resolution  of  range-time 
meaauraaanti . 

(U)  Ideally,  tha  optical  raaolutlon  and  bailc 
•lit  width  would  have  bean  squal  to  achieve  a 
matched- filter  ralatlon*hlp.  Howevtr,  a  poulble 
need  aroae  for  atax-elgnal  amplitude  maaiuramant* 
for  purpoaaa  of  magnitude  daiilflaatlon  to  aid 
tha  itar  Identification  problem.  Tharafore,  a 
allt  width  of  0.013°  and  an  optlaal  resolution  of 
0.01°  vara  lelaoted  a*  a  coqproalee  between 
matched- filter  oharaoterletlce  and  amplitude- 
meaiurament  requirement*.  The  reiolution  of 


range- time  measurements  vu  expected  to  be 
10  microsecond*  or  0.003°  when  tha  epaoeoraft 
nominal  apln  rate  of  2?0°  par  *ec  was  considered. 
Tha  la  error  It  sighting  an  Individual  star  vaa 
determined  to  be  0.006°  by  computing  the  root- 
su- square  of  the  error  due  to  range- time 
reiolution  and  convolution  of  tha  optical  resolu¬ 
tion  with  th*  baalo  silt  width. 

(U)  Tha  design  of  a  itar -mapper  unit  followed  a 
itrlea  of  trade-off*  between  optical 
traanliilon,  d*t«otor  unaltlvlty,  optical 
dlitortion,  reticle  dealgn  or  curvature,  back¬ 
ground  noise,  electronic  bandwidth,  detector 
dark-current  nolee,  vehicle  spin  rate,  resolution 
requirement*,  Hie,  and  valght  (maaa).  In  tha 
following  section,  the  ■ tar-mapper  design  1* 
presented  along  *th  the  more  significant 
trade-offs. 

asmw.w 

(U)  Th*  final  diilgn  layout  of  tha  star-mapper 
1*  shown  lc  Tig.  Aa  Indicated  In  thia  figure, 
It  wa*  necessary  to  usa  folding  mirrors  to  meat 
the  Scanner  vshide  space  limitation.  IOr  this 
configuration,  the  overall  optical  afflolenoy, 
using  measured  transmissivity  of  all  elements, 
was  computed  to  be  approximately  60  peroent. 
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(u)  Fig.  4.  Star-Mapper  Aasimbly  Layout 


(U)  The  refractive  optical  system  chosen  for 
th*  Projtot  Scanner  et*r-m*pp#r  vu  a  modified 
Petsval  design  with  a  3fl.l*ca  fooal  length 
and  a  12.7-ca  dear  aperture.  The  lana  layout 
ooneieted  of  a  cemented  doublet,  a  larc*  lana 
with  an  aperture  atop  looatad  midway  through 
tha  lana,  a  aasond  cemented  doublet,  and  a 
field  flattanar  Just  In  front  of  tha  reticle, 

Behind  the  rati  ole  vara  two  field  lanaaa  vhlah 
apraad  tha  light  to  cover  73  percent  of  tha 
photomultiplier  cathode  aurfaca.  Thla  design 
provided  a  ■•*»<■■■«  blur  olrola  of  0.01°  over  tha 
field  of  view.  Since  it  vu  not  poaaible  to 
obtain  a  distort! on- free  laege  plana,  tha  lilts 
on  the  reticle  were  curved  slightly  to  adjust  for 
this  prohlsm.  Tha  firat  transparent  vartioal 
slit  was  0.03°  vide,  followed  by  an  opaqus  slit 
width  of  0.013°.  The  second  transparent  vartioal 
slit  vu  0.013°  wide  with  an  opaque  silt  width  of 
0.043°  being  meet,  and  tha  third  transparent 
vertical  slit  was  0.015°  vide.  This  grouping 
provided  a  two-level  eight-bit  paeudo  random  soda 
sequence  of  1-1-0-1-0-0-0-1.  The  choloe  of  this 
coda  sequence  vu  Bade  to  provide  a  high 
probability  of  diaoriainating  stars  of  +3  visual 
nagnltude  and  brighter  against  the  expected  back¬ 
ground  (Refs.  1  and  3). 

(U)  A  ruggadised  photoeultipllar  tube  having  an 
approximate  S-ll  spectral  raspoma  was  selected 
as  tha  photodeteotor .  This  tuba  had  a  aark 
currant  of  1.3  x  IQ'3"?  amperes,  a  responslvity  of 
63  micrcanperes  par  lumen,  and  used  14  dynodaa  to 
develop  a  gain  of  10°  at  a  nominal  supply  voltage 
of  2,600  volts  da.  The  output  of  the  photomulti¬ 
plier  tube  vu  amplified  by  a  bandpass  amplifier 
to  obtain  the  desired  gain  and  pules  fidelity. 

Tha  low-frequency  cutoff  was  required  because  of 
slowly  varying  levals  of  spatial  background  noise. 
Tha  high-frequency  cutoff  was  a  function  of  tioe 
of  star  passage  ovtr  tha  narrowsat  reticle  slit, 
optical  resolution  (blur  olrclsj,  and  teleaatry 
system  filtering.  The  telemetry  eyetem  required 
that  the  naxlmum  output  of  the  star-mapper  he 
5  volte.  To  remain  within  this  output  level,  a 
dynamic  range  of  0.236  to  4.0  volte  was 
established  for  +3  to  0  visual  magnitude  stars  of 
the  A0  spectral  class  (11,000°  K) ,  respectively. 

An  lr.- flight  calibration  lamp  vaa  installed  so 
that  a  one-point  calibration  cheok  could  be  made 
periodically  throughout  tha  flight  to  evaluate 
the  system  gain  stability. 

(U)  In  order  to  assure  recognition  of  a  +3 
visual  magnitude  AO  star,  it  waa  required  that  the 
signal  levels  produced  by  stray  light  bo  less  than 
or  equal  to  the  signal  level  pruduced  by  a  +•* 
visual  magnitude  AO  star,  ior  sunlight,  this 
specification  required  an  attenuation  factor  of 
10”i2  for  all  rays  entering  at  angles  of  25°  or 
greater  from  the  optical  axil.  The  euc- shield 
baffles  were  knlfs  edged,  with  a  6o°  bevel,  and 
were  spaced  1.27  cm  apart  over  the  length  of  the 
sun  shield.  All  baffles  were  coated  vith  a  high- 
quality  black  point.  Tht  assembled  star-upper 
flight  unit  le  shown  in  Tig.  5. 

(U)  The  effectiveness  of  the  eun-ehleld  attenua¬ 
tion  wee  evaluated  for  off-axis  light  sources  using 


the  QAO  teat  facility.  A  summary  of  the  measured 
data  indicated  the  sun- shield  attenuation  at  23° 
off  the  optical  axis  vaa  approximately  4  x  10"10 
rather  than  the  required  10'^.  Since  the  Soancer 
launch  could  be  changed  to  a  dark-of. night  firing 
without  escorted  sing  the  experiment  objectives, 
no  attempt  at  a  redesign  was  undertaken. 

wajomtMmm 

(U)  Operational  tests  were  performed  before, 
during,  and  after  environmental  stresses.  Optical 
and  allnemeot  degradations  were  evaluated  after 
eaoh  environmental  test.  %e  results  of  several 
system  tests  including  fleld-of-viev  upping 
asouracy  and  photometric  calibration  are  disoussed 
briefly.  A  more  detailed  presentation  may  be 
found  in  Rtf  1  2. 

(U)  Tha  fiald-of-vlev  upping  acouracy  test  was 
designed  to  determine  the  effsots  of  optical 
inaacuraoiti  on  a*4ular  position  meaaurements  In 
tha  flald  of  view.  Tha  baslo  method  eqiloyed  to 
determine  these  inaacuraoiti  was  a  reconstruction 
of  the  reticle  through  star-mapper  measurements 
and  oosgarison  of  this  reconstructed  reticle  with 
the  reticle  deuign.  The  results  of  this  tsst 
demonstrated  that  the  reconstructed  ret  ids  agreed 
with  tht  theoretical  retiole  within  0.C1°  at  all 
points. 

(U)  Tbs  ideal  Mans  of  calibration  for  a  photo¬ 
metric  device  of  this  type  would  be  exposure  to 
severe!  stars  of  different  visual  magnitudes  and 
speotral  classes.  However,  present  knowledge  of 
atmospheric  attenuation  at  any  particular  time 
and  the  pretence  of  scintillation  make  this  method 
questionable .  Therefore,  a  star  simulator  wae 
constructed  to  calibrate  the  Scanner  star-upper. 
Three  spectral  filters  were  used  to  utch  three 
selected  star  spectral  classes.  The  selected 
claieei  were  AO,  00,  and  MO,  which  vara  approxi¬ 
mated  by  blaokbody  temperatures  of  11,000°,  6,000°, 
and  3,100°  K,  respectively.  A  study  wae  performed 
to  estimate  the  response  of  the  star-upper  to  the 
simulated  stars  and  to  the  ideal  blackbodlee  of 
exact  temperatures .  The  results  of  this  study 
showed  that  spectral  error*  in  th*  simulated 
blackbodies  caused  th*  output  of  th*  star-mapper 
to  be  slightly  less  when  viewing  a  simulated  star 
than  when  viewing  true  blackbodies  of  the  earns 
visual  sffsctlvt  lrradlance.  Tht  difference*  in 
■tar- upper  output  varied  between  3  and  1C  percent, 
depending  on  the  star  spectral  dale. 

(U)  Th*  absolute  level*  of  the  star  simulator 
spectral  output  were  adjusted  by  us*  of  neutral 
denelty  filter*.  Th*  transmission  values  of  the 
neutral  density  filters  were  selected  to  control 
tha  effective  visible  lrradlance  of  th*  star  simu¬ 
lator  when  used  with  the  teet  collimator.  Correc¬ 
tions  wtr*  ud*  to  th*  data  to  compensate  for 
irregularities  in  th*  flatness  of  the  spectral 
characteristics  of  the  neutral  density  filter*. 
Tests  vers  psrformed  to  determine  the  attenuation 
factor*  for  each  clase  neceeeary  to  achieve  an 
lrradlance  value  of  ).l  x  10*4*  vatti/cm^  for  a 
star  with  a  visual  magnitude  of  0.  These  tests 
were  performed  by  using  a  standard  photocell  and 
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(U)  Fig.  5-  Project  Scanner  Star  Mapper 


filter  combination  with  a  spectral  response 
equivalent  to  the  human  eye.  For  the  AO  star  with 
visual  magnitude  of  0,  the  system  gain  was 
adjusted  until  the  star-mapper  output  signal 
reached  a  value  of  4  volts.  For  each  spectral 
class,  the  irradiance  was  varied  from  an  equiva¬ 
lent  star  with  =  0  to  a  star  with  %  =>  +3 
In  half-magnitude  steps.  The  signal- to-nolse 
rctio  (exclusive  of  background  noise)  was  found 
to  be  approximately  13:1  for  the  stars  with  a 
visual  magnitude  of  0  of  the  AO  class.  A  summary 
of  the  calibration  of  the  star-mapper  is  shown  in 
Fig.  6.  An  error  analysis  of  this  calibration 
method  was  performed,  and  results  indicated  that 
a  variation  of  ±25  percent  could  be  expected  for 
in-flight  irradiance  measurements. 

TRANSIT- TIME  DETECTION 

(U)  The  data  processing  required  to  detect  and 
Identify  the  stars  sighted  by  the  instrument  will 
he  briefly  described.  A  detailed  discussion  of 
Vhe  data  processing  may  be  found  In  Ref.  1. 


(U)  A  simplified  diagram  of  the  data  processing 
procedure  is  shown  in  Fig.  7-  The  raw  star- 
mapper  signals,  range  time,  and  two  reference 
frequencies  of  1  kilohertz  and  100  kilohertz  were 
tape  recorded.  The  100- kilohertz  signal  was  used 
as  a  10-mlcrosecond  vernier  during  1-millisecond 
intervals.  The  raw  star-mapper  signals  were 
converted  to  a  two- level  digital  pulse  train  by 
use  of  an  adjustable  threshold.  This  two-level 
coded-pulse  sequence  was  compared  in  a  correlator 
with  a  reference  pulse  sequence  consisting  of  an 
equal  number  of  bits.  Detection  of  a  star 
transit  across  a  sequence  of  transparent  slits 
was  acknowledged  provided  that  comparison  of  the 
reference  code  sequence  with  a  given  sequence  of 
nine  basic  bits  produced  agreement  of  any  two 
ones  and  all  five  zeros  or  three  ones  and  four 
zeros.  Acknowledgment  of  transit  detection  was 
in  the  form  of  a  gating  signal  which  enabled 
digital  recording  of  range  time  of  detection, 
threshold  setting,  und  peak  amplitude  of  the 
first  pulse  in  a  signal- pulse  sequence.  The 
peak- amplitude  detector  was  reset  to  zero  after 
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(U)  rig.  6.  Star-Mapper  Calibration 


each  code-eequence  i  ■cognition.  The  variable 
threehold  and  the  tape  recording  feature  permitted 
(election  of  a  Halted,  nuaber  of  itari  per 
vehicle  revolution.  Thle  capability  reduced  the 
nuaber  of  poulble  aoblgultlei  In  the  eubsequent 
■tar  Identification  prograa.  Deteotlon  tlaei 
were  aet  for  the  trailing  edge  of  each  code 
•equence,  Deteotlon-tlae  reeolutlon  vai  limited 
by  the  tlaa  duration  of  one  elenant  of  thi  oode 
■equenoe  and  range. tlaa  uaoertaintiai .  The  time 
duration  of  each  bit  of  the  code  laquence  vaa 
controlled  by  a  variable- dock  pul»e  generator 
vhlch  vaa  adjusted  for  the  belt  eatlaate  of 
vehicle  inln  rate  and  the  angular  reeolutlon  of 
the  smallest  traneparent  elit  of  the  reticle.  The 
epln-rate  eitimate  vaj  readjusted  ae  attitude- 
detemi nation  reeulte  became  available  (Ref.  1). 

(U)  The  reiulta  of  the  transit.  time-detection 
proceealrg  vere  etored  in  a  digital  lletlng  of 
apparant-ltar  transit  times  and  amplitude!  of  each 
apparent- etar  ilgnal.  Thle  Hating  vaa  hand  lorted 


by  pairing  transit-time  differences  between 
apparent- etar  signals  with  the  aid  of  the  elgnal 
amplitude  measurements .  All  transit- time 
difference!  that  exceeded  the  constraints  eitab- 
liihed  by  the  geometry  of  the  reticle  ellt 
configuration  end  eitlmated  vehicle  ipln  rate 
vere  rejected  as  falie  etar  indication!,  This 
modified  lilting  of  Btar  tranilt  tinei  vaa  then 
uied  in  the  routine  of  itar  Identification. 


STAR  IDENTIFICATION  AND  PARAMETER  ESTIMATION 


(U)  The  tvo  primary  operation!  of  the  star- 
mappar  data  prooesilng  procedur*  ihovn  in  ng.  ? 
art  the  identification  of  tha  detected  atari  and 
eitlnatlon  of  the  parametars  of  the  dynamical 
equation*  of  motion  describing  the  spacecraft 
attitude.  The  listing  of  star  transit- time  pairs 
vas  operated  upon  in  a  star  identification 
program  vhlch  produced  a  listing  of  identified 
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tstlsmted 


(U)  rig.  7,  8tar-HappeT  Date-Prooeselng  Procedure 


stars  and  their  lighting  times.  The  lilting  was 
used  as  Input  data  to  a  parameter  estimation 
program,  lti  rnultlng  output  being  a  nt  of  the 
paraoiteri  which  dsfintl  thi  dynamical  equations 
of  motion  of  the  spacecraft.  A  priori  lata  van 
used  In  both  tha  stur  identification  and  parameter 
aitlaatlon  programs  is  tha  form  of  attlsatai  of 
nominal  vahlcla  trajectory,  vahicla  moments  of 
lnartla  baiad  on  prsflight  measurements,  and  an 
approximation  of  vahicla  apln  rata  baiad  on 
luccaiilva  lighting!  of  identified  atari,  The 
following  atctloni  daicrlba  in  detail  tha  space¬ 
craft  attitude  geometry,  tha  mathematical  modal 
assumed  for  tha  dynamical  equations  of  motion, 
tha  itar  identification  program,  and  tha  paraaatar 
aatiaatlon  program. 

Star  Identification 

(U)  A  itar  Identification  program  waa  uaad  to 
identify  each  itar  associated  with  aach  pair  of 
transit  times  detected  in  the  decoding  routine, 


One  of  the  primary  requirement!  of  tha  program 
wai  that  the  transit  tlmei  be  ir,  chronological 
order  and  that  the  times  appear  In  pain,  each 
pair  being  from  the  lame  itar.  Thi  equatorial 
coordlnatu  of  the  reference  itari  uaed  In  this 
program  ware  obtained  from  tha  Bon  catalog 
(Sef,  7!  and  updated  to  the  nearest  0.1  day  of 
the  time  of  flight  by  use  of  the  aitrc-nomical 
techniques  deicrlbed  in  Rsf.  8.  The  nference 
itar  lilting  wa»  reduced  by  elimination  from 
conilaeratloc  all  itari  dimmer  than  u  visual 
magnitude  of  +5«?  (Rif.  2).  The  star  lilting  was 
further  reduced  by  selecting  all  itari  falling 
within  a  ulicted  band  of  thi  celestial  sphere 
established  by  the  launch  window. 

(U)  All  stare  of  tl»  reduced  reference  list 
were  considered  as  candidates  for  the  transiting 
stou’i.  An  additional  listing  of  all  these 
candidate  stare  was  made  In  the  form  of  a  cr.talog 
of  angular  separation  of  each  pair  of  star:  In 
the  reference  list.  Star  Identification  was 
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pri  nnip«Aiy  *  p  recall  o  f  flail  a*  a  cataloged 
angular  separation  vhloh  agreed  to  vlthla  a  fixed 
tolerance  of  an  estimated  angular  eeparatlon  of  a 
pair  of  observed  atari • 

JMfl&W1.*  jteSBttg 

(U)  The  general  problem  oomlderad  here  la  one 
of  a  geometrical  formulation  of  the  oeleatlal 
attitude  of  a  reference  frame  fixed  In  a  spinning, 
torque- free,  prolate,  aymetrlaal  rigid  body.  The 
problem  ia  further  defined  aa  one  for  which  the 
orientation  of  the  body-fixed  reference  la  to  bt 
determined  at  inatanta  of  tiaa  at  which  known 
atari  are  observed  and  aa  a  function  of  time  for 
periods  during  vhloh  no  stars  art  observed.  The 
basic  measurements  vhloh  are  used  to  determine 
vehicle  orientations  are  the  tlmss  at  which  known 


stars  appear  in  the  transit  slit  planes  of  the 
star -map per  reticle.  A  simplified  schematic  of 
the  problem  geometry  is  shown  in  Tig.  8. 

Vehicle  lynsftios 

(U)  Tht  relationship  between  the  ooordinates  of 
en  identified  star  in  the  celestial  refinance 
frame  and  the  coordinate  of  the  etar  at  sighted 
in  a  slit-plane  reference  frame  may  be  determined 
by  use  of  the  defined  Euler  angular  rotations 


2-  (♦)(e>(*)(8)(*)(«1)(«2)(7)(S)r  (1] 


(U)  Fig.  8.  Relationship  of  Vehicle  Principal  Axes  to  Insrtial 
Reference  Frame 
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The  perimeters  •  and  8  define  the  location  of 
the  angular  aomantux  vector  in  celeitiel  eoordi- 
DiUi)  0,  9,  and  »  in  tU  standard  Xul«r  angle 
rotation!  for  the  principal  body  exit)  «.  and 
«2  represent  mlaelinement  rotation!  of  the 
optical  axli  relative  to  th«  principal  ipln  arLi) 
and  7  and  f>  art  rotation!  vhleh  define  tha 
location  of  tha  ooded  ilita  ralatlva  to  tha 
optical  axli. 

(U)  Tha  vactor  £  say  alio  bt  vrittan  In  the 
calaitlal  rafarcnca  frame  u 


T 

R  •  (oos  a  coi  5,  iln  a  coi  6,  iln  &)  (2) 


vhers  a  and  6  are  tha  right  aicamlon  and 
daollnatlon  of  tha  ldantlflad  itar.  Tha  vactor 
r  in  tha  ater-mapper  rafarance  frame  ii  daflnad 

ai 


atari,  thalr  lighting  timea,  and  laaat-iquara 
technique!,  tha  parameter!  of  Sq*  (1)  vara 
aitlnatad. 

Parameter  Bitlwatlon 

(U)  In  tha  development  of  tha  apacacraft 
attitude  datamlnatlon  geometry,  35q.  (2)  vaa 
derived  to  ehov  tha  relationship  betvaan  tha 
oelattlal  coordinate!  of  an  ldantlflad  atar  and 
tha  ooordlnat  n  of  tha  atar  in  either  the 
vertloal  or  slanted  lilt  plana  referenoe  frames. 
Substituting  1:4a.  (2)  and  (3)  Into  Eq.  Cl) 
remit*  in 


<•)(•)  W)(»)W(«i)(«a)(y)(» 


(coi  h,  0,  ain  n) 


(35 


(3) 


vhere  r)  li  daflnad  ai  tha  elevation  angle  of 
tha  atar  In  a  lilt  plana.  For  tha  can  of  a 
ipinnlng  torque-free  symmetrical  rigid  body,  tha 
anglaa  0  and  i  of  Eq.  (l)  are  daflnad  ai 

t  •  fa  *  0O  (M 


Tha  nine  undetermined  paraaatari  of  Eq.  (6)  are 
e,  Mo,  8,  ♦o#  *1,  1014  *2'  A*1  obaervad 

itar  produoad  two  aquation!  luoh  ai  Xq.  (8) ,  ona 
each  for  tha  Hat  .tad  and  vertical  lilt  planei. 
Since  a  large  nuaber  of  atar  obiarvatlom  vara 
expected,  a  l#aat»squaras  technique  vaa  lalactad 
for  estimation  of  tha  undetermined  paraoetare. 


♦  -  *t  +  *0 


(5) 


nuygLOPHSKT  CF  DATA- RtDUCTIOX  ACCURACY 

55350,121  Pwonotfi  a^aL^s'is 


and  the  ratal  0  and  *  are  daflnad  na 


.  I,  « 

*  *  r"coa  *5  <6) 


vhere  I j  la  tha  moment  of  inertia  about  tha 
principal  ipln  axli  of  the  vehicle)  Iq  li  the 
moment  of  inertia  about  either  one  of  a  pair  of 
axea  vhlch  are  mutually  orthogonal  and  orthogonal 
to  the  principal  ipln  axle  of  tha  body)  and  u 
la  tha  total  apin  velocity  about  the  principal 
apln  axli  of  the  body. 

(U)  If  all  parameter!  of  Eq.  (l)  vara  uniquely 
defined,  the  attitude  of  azy  eet  of  axea  vould  be 
knovn.  Hovevar,  only  the  7  and  0  angle!  of 
Eq.  (2)  vare  aaaumad  to  be  veil  knovn  before 
flight.  Of  the  remaining  parameter!  in  Eq.  (2), 
<1,  0,  0n,  and  *0  vare  aaiumad  to  be 

unknown)  estimates  of  I  and  0  vert  available 
from  launch  data)  and  eitlmatei  of  U),  0,  and  i 
ve re  available  from  preliminary  examination  of 
■tar-mapper  data.  With  the  use  of  identified 


(U)  Before  application  of  the  attitude  determi¬ 
nation  technique  to  flight  data  reduction,  the 
accuracy  of  tha  perimeter  eitimatlon  method  had 
to  be  aicertained  in  order  to  eatabllah  expected 
accuraclea  for  the  Project  Scanner  fllghta.  In 
addition,  criteria  had  to  be  developed  in  order 
to  aaaeaa  the  adequacy  of  any  eetlmate  aa  deter¬ 
mined  from  flight  data.  To  eatabllah  tha 
expected  accuracy  of  apacacraft  attitude  deter* 
mlnatlon,  a  elmulatlon  itudy  vaa  performed. 
Criteria  for  aliening'  the  adequacy  of  eatlmate* 
vere  developed  by  ualng  the  reaulta  of  thla  itudy. 
In  thii  itudy,  ilmulatitd  flight  data  vare 
generated  by  uilng  the  expected  launch  and  flight 
eonditloni  of  Project  Bcannir  flight  1.  The 
mathematical  model  of  simulated  ipaoicreft 
equation!  of  motion  vaa  identical  to  that  vhioh 
was  anumed  for  the  flight  vehicle.  Simulated 
flight  data  vere  in  the  form  of  a  time  Hat  of 
transited  stars  and  the  right  aacenjlon  and 
declination  values  of  thme  stars  updated  to  the 
expected  launch  time.  These  simulated  data  vara 
uiad  to  eatlmate  the  value «  of  tha  prevloualy 
described  parameters  in  thi  same  manner  as  for 
flight  data.  These  estimates  vere  uaed  to 
generate  pointing  direction  time  histories  of 
selected  axoa.  The  errors  in  these  pointing 
directioni,  specifically  tha  pointing  direction 
e.Tora  of  the  optical  axle,  vare  the  bail*  of 
assessing  tha  accuracy  of  the  attitude  determina¬ 
tion  solution. 


(U)  The  accuracy  of  the  attitude  determination 
procedure  wai  determined  by  calculating  the  etandard 
deviation  of  the  pointing  direction  error  a.  at 
selected  times  from  data  representing  multiples  of  a 
precession  period,  number  of  star  sightings  per  spin 
period,  and  angular  displacement  of  stars  within  a 
spin  period.  The  results  of  these  calculations  showed 
that  star  placaent  within  a  spin  period  was  a  major 
factor,  since  with  poorly  placed  stars  (l.e.,  all 
stars  in  a  spin  period  are  placed  within  half  a  period) 
precession  information  is  not  well  defined.  The 
accuracy  of  attitude  determination  increased  as  the 
deta-fit  period  used  in  the  least-squares  program 
increased  and  as  the  number  of  star  sightings  per  epir. 
period  increased  for  the  on#-preo*i»lor.-cyele  case. 
The  one-half  precession-cycle  case  also  indicated 
evidence  of  this  trend.  The  one-and-one-half 
preaeeslon-oycle  case  showed  so  particular  trend, 
and  the  result*  for  this  case  vere  interpreted  to 
mean  that  the  error*  in  the  estimates  of  the 
undetermined  parameter  vere  in  the  nolee  level  for 
any  considered  number  of  stars  per  spin  period. 
Based  on  these  calculation*,  the  predicted  Soanner 
star-sapper  aocuracy  was  estimated  to  have  a  maxi¬ 
mum  la  value  of  approximately  1  .CO-0 .  The 
values  obtained  in  the  simulation  study  gave 
assuranoa  that  the  attitude  determination  tech¬ 
nique  would  meet  the  experimental  requirement  of 
0.016°  with  a  confidence  level  of  99  percent. 


PQ6TTLiom  gv Aiu Anew  or  star- mapper  oppunow 

(U)  A  check  of  the  star-mapper  calibration  was 
attsmptsd  by  using  two  randomly  selected  identi¬ 
fied  stars  of  flight  1.  Photographs  of  the  coded 
star  signals  for  the  selected  stars  Alkali  and 
Alphecca  are  shown  in  Pig.  9>  This  figure  shows 
star  signals  generated  by  the  vertical  group  of 
slite  for  three  different  sighting  times  to 
demonstrate  the  (were  noise  problem  introduced 
by  background  and  signal- generated  noise.  In  all 
cases,  the  coded  pattern  is  clearly  evident  and 
indicate*  the  advantages  of  ooded  reticles  for 
star  signal  detection  purposes,  Alkald  and 
Alphecoa  are  +1.91  visual  magnitude  B3  and  +2. SI 
visual  magnitude  AO  stars  with  predicted  star- 
mapper  eisal  levels  of  0.90  and  0.60  volt, 
rsspectively .  Averaging  10  sightings  of  each 
star  rssulted  in  output  signal  levels  of 
1.6S  volts  for  Alkald  and  0.83  volt  for  Alphecoa. 
Several  other  stars  were  examined  In  a  similar 
manner  and  results  indicated  that  the  star-mapper 
had  a  sensitivity  vhloh  was  1.3  to  1.73  times 
greater  than  that  expected  from  the  preflight 
calibration  results.  A  check  of  the  star-mapper 
calibration  over  its  dynamic  rang*  was  not 
possible,  since  non*  of  the  stare  identified 
during  the  first  flight  were  predicted  to  produce 
outputs  greater  than  1  volt. 


Relation  of  Translt-Tla*  Errors  to  Leaat-Souarea 
Functional  Residuals 


(U)  To  evaluate  the  aocuracy  of  attitude  deter¬ 
mination  resulting  from  use  of  the  estimates  as 
computed  in  the  least-squares  program,  time  errors 
were  added  to  the  simulated  star  transit  times. 
These  errors  had  an  equal  probability  of  having 
values  of  +26,  0,  or  -26  microseconds  and  a 
standard  deviation  ut  of  approximately  21  micro¬ 
seconds.  Since  it  is  not  possible  to  measure  o, 
for  flight  data,  it  was  necessary  that  soma  other 
parameter  be  used  to  estimate  the  magnitude  of 
transit  time  errors.  The  functional  residuals  of 
th*  least-squares  solutions  resulting  from  simu¬ 
lated  data  vers  examined  for  this  purpose.  Th* 
convergence  factor  used  in  th*  least-squares 
program  waa  adjusted  until  a  least-aquarea 
iteration  reeulted  in  time  residual  valuta  which 
agreed  with  th*  time  errors  to  within  an  accuracy 
of  3  microseconds.  In  this  study,  the  standard 
deviation  of  th*  time  residuals  o*  was  calcu¬ 
lated  for  each  aet  of  star  sighting!  used  in  a 
least- aquares  solution  and  found  to  be  approxi¬ 
mately  20  microseconds  for  all  caiee  In  the  study, 
For  o-_  "  SO  microseconds,  the  accuracy  of  th* 
computed  vehicle  attitude  orientation  wa*  wall 
within  th*  specified  requirements.  This  parameter 
waa  the  factor  which  wa*  used  to  aiiese  th* 
adequacy  of  a  leaet-iquares  solution  far  flight 
data.  In  th*  case  of  flight  data,  th*  convergence 
factor  waa  adjusted  until  a,r  was  near  its 
minimum  valua.  When  otp  was  at  an  acceptable 
minimum  value,  a  1  east- squares  solution  was 
accepted  an  an  adequate  on*. 


(U)  The  average  background  noise  was  expected 
to  be  approximately  equivalent  to  th*  signal 
produced  by  a  +A  visual  nagrrl  tude  A0  star.  No 
attempt  was  mad*  to  verify  this  expected  back¬ 
ground  noli*  because  of  the  existence  of  numerous 
low- intensity  stars  that  vara  identifiable  at 
star  signals  although  not  identified  for  attitude 
determination  purposes.  However,  a  rough 
approximation  of  tha  p*xk-to-p*ak  noise  level  due 
to  background  noli*  may  be  determined  from  an 
examination  of  Fig.  9.  In  this  figure,  the 
average  peak-to-peek  background  nolle  level  1* 
approximately  0.3  volt  or  a  root-mean- square  (rms) 
value  of  0.11  volt.  Ry  using  th*  signal  and 
noise  definitions  of  Ref.  3,  the  ratio  of  average 
signal  level  to  ms  background  level  was 
predicted  to  b*  in  the  rang*  of  6.3:1  to  13.3:1 
for  an  assumed  +2.3  visual  magnitude  A0  signal 
star  and  a  background  leval  equivalent  to  a  range 
of  +3  to  +1*  visual  mngnitud#  A0  star, 
respectively.  Th*  average  ln-flight  signal  of 
0.83  volt  obtained  l'er  Alphecoa  end  th*  average 
rms  background  level  of  0.11  volt  Indicate  a 
signal- to-nole*  ratio  of  6:1.  These  values  agree 
favorably  and  indlo-t*  validity  of  th*  assumed 
signal  and  ncis*  medals  ussd  in  th*  design  of  th* 
star-mapper.  A  listing  of  all  stars  identified 
during  Project  Boanner  flight  1  la  given  in 
Fig.  10.  Thee*  star*  are  listed  according  to 
their  Bose  catalog  number,  star  name,  Bayer  name, 
constellation,  visual  magnitude,  and  spectral 
class.  Th*  lowest  intensity  visual  magnitude 
star  identified  from  th*  etar-mapper  data  of  th* 
first  flight  was  a  B8  star  with  a  visual  magnitude 
of  +3.30)  th#  lowest  intensity  star,  relative  to 


.  ?nn 


(U)  Fig.  9.  Typical  star  Signals 


the  Instrument  spectral  response.  Identified  from 
data  of  the  first  flight,  was  an  M3  star  with  a 
■visual  magnitude  of  +3.19.  The  results  of 
Project  Scanner  flight  2  were  very  similar  and  a 
listing  of  all  stars  used  to  determine  attitudes 
for  both  flights  is  shown  In  Fig.  11. 

(U)  The  number  of  stars  per  spin  period  sighted 
by  the  star-mapper  during  each  data  period  varied 
from  3  to  l4.  Ambiguities  in  associating  raw 
data  with  vertical  or  slanted  slit  transits  and 
in  star  identification  were  encountered  when  two 
or  more  3 tars  with  small  angular  separations  were 
present  in  the  field  of  view  of  the  star-mapper. 
Such  problems  usually  resulted  in  unusable  data 
from  one  or  both  stars,  in  which  case  the 
questionable  stars  were  eliminated  from  the  star 
identification  list.  As  a  result,  the  number  of 
stars  actually  used  for  attitude  determination  of 
the  Scanner  vehicles  was  considerably  smaller 
than  the  number  identified. 

(U)  Preliminary  data  revealed  that  several  stars 
consistently  exhibited  large  time  residuals. 
Subsequent  checking  traced  the  cause  of  these  high 
residuals  to  errors  in  the  updated  star  positions 
based  on  values  listed  in  the  Boss  catalog.  The 


positions  of  these  stars  (6  Orionis,  q  Ursae 
Majoris,  and  a  Piscis  Austrini)  were  cross 
checked  with  positions  taken  from  the  apparent 
place  tables  (Ref.  9)  and  updated  to  the  nearest 
0.1  day  of  the  flight.  Discrepancies  of  the 
order  of  0.01°  in  the  star  positions  taken  from 
the  Boss  catalog  and  updated  to  the  nearest 
0.1  day  of  flight  were  found.  When  the  stars' 
positions  determined  from  the  apparent  place 
tables  were  used  for  these  stars,  the  time 
residuals  for  these  stars  dropped  to  acceptable 
limits. 

(U)  An  analysis  of  all  solutions  of  the  nine 
vehicle-motion  parameters  determined  from  flight 
data  showed  a  time  residual  atr  of  approximately 
30  microseconds.  In  the  simulation  study 
described  in  an  earlier  section,  star  transit 
time  errors  having  a  standard  deviation  of 
approximately  21  microseconds  were  added  to  the 
simulated  star  transit  data.  These  time  errors 
resulted  In  a  standard  deviation  of  the  time 
residuals  u^.  of  approximately  20  microseconds 
when  data  were  fitted  over  an  Interval  of  0.3  to 
1.50  precession  cycles.  The  corresponding  maxi¬ 
mum  standard  deviation  of  the  pointing  direction 
error,  was  found  to  be  approximately  0.004-°. 
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6274  Curaa  0  Eridard  2.92  A3 

6668  Bellatrix  y  Orionia  1.70  j  B2 

6847  Mlntaka  3  Orlonla  2.48  09 


8208  Tajat  Poaterlor  n  Geminoram  3.19  j  M3  j 
12407  Talltha  l  Uraae  Majoria  3.12  '  A4 

13143  Morale  0  Uraae  Majoria  2,44  AO 

16268  Phekda  y  Uraae  Majoria  '■  2.54  AO 

17318  Alioth  t  Uraae  Majoria  1.66  i  AO 

*18133  Mlzar  ?  Uraae  Majoria  I  2,17  A2  i 

18643  Alkaid  77  Uraae  Majoria  1.91  B3 

20947  Alphecca  a  Corona  Bor ealia  2,31  AO 

22193  ;  Kornephoroa  0  Herculis  2.B1  I  08 

25180  Kaua  Borealia  X  Sagittarii  2.94  KO 


25661 

23941  Nunki 

'  *26161  1  Aacella 


*Double  atar. 


0  Sagittarii 

3.30 

BB 

0  Sagittarii 

2.14 

B3 

?  Sagittarii 

1  2.71 

A2 

aOruia 

j  2.16 

B3 

(U)  rig,  10.  Identified  Stare  of  Project  Soanner  Flight  1 


It  can  be  ehovn  that  there  le  a  linear  relation- 
chip  between  a,  and  et.  Since  It  has  been 
ehovn  that  ct  and  otr  have  very  cloee  agree¬ 
ment,  It  can  be  eald  that  there  le  approximately 
a  linear  relationship  between  a,  and  ~  . 

Therefore,  the  expected  accuracy  in  pointing 
direction  determined  from  flight  data  le  approxi¬ 
mately  0.006°.  Although  the  time  reelduale  ware 
eomewhat  larger  tlian  the  tranelt  time  errore  ueed 
In  the  elmulatlon  etudy,  the  accuracy  of  the  data 
etlU  remained  within  acceptable  llolte  for  the 
flight  experiment. 

(U)  On  both  flight!,  a  oold-ga*  reaction  Jet 
control  system  was  ueed  to  erect  the  vehicle  to 
within  13°  of  the  local  vertical  at  four  definite 
time*  during  the  flight  In  urder  to  maxlmiee  the 
data  gathering  of  the  primary  horleon  definition 
experiment.  During  the  intervale  between  theee 
erection  time*,  the  oontrole  were  turned  off  and 
the  epln-itablliaed  vehicle  vaa  accused  to  be 
free  of  external  and  control  torque*  Star- 
Mpper  data  for  each  of  the  two  Scanner  fllghte 
coneleted  of  four  euoh  data  period*,  each  of  vhlah 
vaa  approximately  3-1/2  minute*  In  duration.  Had 


the  vehicle  actual  been  u,  eynwtrlcal,  rigid, 
torque-free  ipinni:^  body,  tha  vehicle'*  aotlon 
for  an  entire  data  period  could  have  been  repre- 
eented  by  a  elngle  eet  of  nine  vehicle  motion 
parameter*.  Under  thl*  nceumptlon,  the  elngle 
■et  of  nine  vehicle  motion  parameter*  could  have 
been  determined  by  performing  a  leait-equare* 
fitting  of  all  the  atar  tranelt  time*  in  an 
entire  data  period.  Preliminary  evaluation  of 
the  reeult*  of  the  attitude  determination 
procedure  for  both  flight*  indicate!  that  come 
undefined  enuro*  produi  *d  email  dieturblng 
torque*  during  the  data  period*.  Deelred 
acouraclee  In  the  determination  of  vehicle 
attitude  were  obtained  with  the  accused  model  by 
reducing  the  time  period*  covered  by  a  least- 
iquarei.  eolutlon  to  approximately  three-fourth* 
of  a  preceeelon  cycle  in  order  to  minimi**  the 
affect*  of  thee*  torque*  and  poeelbl*  vehicle 
Mjraetrle*.  For  example,  the  eecond  data 
period  of  Scanner  flight  1  waa  divided  into  12 
time  Interval*  and  .12  late  of  nine  vehicle  motion 
parameter*  were  used  to  define  the  vehicle' e 
aotlon  during  that  data  period.  The  discrepancy 
between  the  model  useused  for  the  motion  of  the 
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Boas  catalog 
number 

- , - - - 

Name 

Bayer  name 

Apparent 

visual 

magnitude 

Spectral 

class 

Scanner  flight  1 

"  1 

*3584 

Acamar 

8  Erldani 

3.06 

A2 

6274 

Curaa 

8  Erldani 

2.62 

A3 

6668 

Bellatrix 

y  Orlonla 

1.70 

B2 

6847 

Mintaka 

t  Uraae  Majorla 

1.66 

A0 

15145 

Merak 

8  Uraae  Majorla 

2.44 

A0 

16268 

Phakda 

y  Uraae  Majorla 

2.54 

A0 

17518 

Alloth 

e  Uraae  Majorla 

1.68 

A0 

18643 

Alkald 

r)  Uraae  Majorla 

1.91 

B3 

20947 

Alphecca 

a  Coronae  Borealis 

2.31 

A0 

22193 

Kornephoroa 

5  Her  culls 

2,81 

08 

*28161 

Aacella 

(  Sagittarll 

2.71 

A2 

Scannar  flight  2 

619 

Ankaa 

a  Phoenicia 

05 

9188 

Adara 

<  Canls  Majorla 

1.63 

B1 

9443 

Wizen 

6  Canls  Majorla 

1.68 

G3 

9886 

Aludra 

r\  Canla  Majorla 

2.43 

B5 

13926 

Regulua 

o^  Leonls 

1.34 

B7  ! 

‘14177 

Algleba 

y  Laonla 

2.61 

KO 

16643 

Alkald 

V  Uraae  Majorla 

1.61 

B3 

26466 

Vega 

a  Lyrae 

0.14 

A1 

30491 

Deneb  Algledl 

6  Caprlcornl 

2.88 

A5  1 

32000 

Fomalhaut 

a  Placla  Auatrlnl 

1.26 

_ ^L_j 

‘Double  etar. 


(U)  Fig.  11,  Star*  Used  to  Determine  Attitude  of  Scanner  Vehicle* 


vehicle  In  the  perimeter  Identification  propraa 
deeorlbed  earlier  and  the  actual  vehicle  auction* 
nay  be  eeen  by  observing  the  total  angular  tpls 
rate  w,  vhlch  l*  defined  by 

<o  •  *  +  jjf  coi  9 


For  a  symmetric*!,  rigid,  »plnnlng,  torque-free 
body,  thie  angular  *pln  rat*  ihould  remain 
conitant.  Spin  rat*  determined  sy  euoceedlng 
eolution*  of  approximately  three-fourth*  of  a 
preceeelon  oyel#  over  an  *ntlr*  lata  p*Tiod  alowly 
but  ooaeteetiy  lncr*a»ed,  Thl*  va*  cluiraoterlBt*  c 
of  *11  four  data  period*  of  both  Scanner  flight*. 


The  *pln  rate  obtained  for  the  eecond  data  period 
of  flight  1  increased  by  0.0^  peroent  over  thle 
time  period,  Thla  percentage  of  lnoreaae  for  w 
v*e  approximately  the  *aae  for  all  data  period* 
of  both  flight*.  So  attempt  vai  made  to  deter¬ 
mine  the  *ouroe  of  thl*  variation  in  the  assumed 
model,  A  poeelble  eource  of  the  ■wan  disturbing 
torque*  oould  have  been  incomplete  oloeur*  of  the 
control  valve*  in  the  reaction  Jet  control  iy*ien 
during  the  data  period. 

(u)  To  llluetrate  the  u*e  of  the  nine  vehicle 
motion  parameter*,  a  **t  of  thee*  parameter*  va* 
••leeted  from  the  second  data  period  of  Scanner 
flight  1  and  va*  used  to  generate  tin*  histories 
of  the  star-mapper  optical  axle  (lg)  and  the 
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vehicle  principal  spin  uli  (Sg)  .  The  results  of 
theee  computations  axe  shown  lr.  Figs.  12  and  U 
in  which  the  pointing  direction*  of  theee  tvo  (U)  The  star-mapper  eye  tern  tod  the  Msociated 

axe*  are  plotted  In  ten*  of  declination  and  data  reduction  technique*  deacribtd  provided  a 

right  aacenalon  for  selected  time  period*.  highly  accurate  method  for  determining  the 

Figure  12  represent*  the  pointing  direction  of  initantaneoue  attitude  of  a  spinning  vehicle, 

the  optical  axle  during  on*  epin  period  and  Dispersions  In  attitude  angle*  determined  by  this 

Fig.  1J  repreeent*  the  pointing  direction  of  the  method  for  Project  Scanner  were  lee*  than  0.01°. 

vehlole  principal  spin  axle  during  a  preceealon  The  flight  result*  also  demo nitrated  that  the 

cycle.  Alio  shown  In  Fig.  13  1*  th*  pointing  dtiign  goal  of  detecting  and  identifying  +j 

direction  of  the  kg  axle  during  a  preceselon  vleual  magnitude  star*  vai  achieved  and  th* 

cycle.  This  plot  illustrate*  the  effect!  of  the  laboratory  photometric  calibration  vae 

misallneaent  angles,  and  ig1  Th*  complete  sufficiently  accurate  to  permit  ua*  of  tignrl 

Hating  of  all  th*  eats  of  nine  parameters  for  scplituda*  for  sllt-to*sllt  and  scas-to>soan 

••oh  data  period  and  for  both  flight*  vas  used  In  correlation  of  star  transit*  to  all  In  the 

s  e imller  manner  to  generate  tlae  hlstorlee  for  Identification  procedure.  A  significant  problmn 

the  lg  axil.  Theee  reeulta  along  with  the  that  vae  not  resolved  vae  the  deelgn  and 

preflight  measured  angular  relationship  be tvs n  construction  of  a  sun  shield  having  the  required 

the  star-msppsr  ig  axle  and  eaoh  radiometer  attenuation  of  itray  sunlight  to  allow  daylight 

optical  axis  were  used  to  determine  the  time  operation, 

history  of  each  radiometer  optical  axle  In 
celeetial  coordinate* . 


K-- 


tC  r- 


(U)  Fig.  12.  Pointing  Direction  of  the  Star-Mapper  Optical  Axle  (tg)  for  One  Vehicle  5pm 
Period  Based  on  the  Bet  of  Nine  Vehicle  Motion  Parameters  Selected  From  the  Second 
Data  Period  of  Project  Scanner  Flight  1  for  Tima  Beginning  fih  25®  **6.7s  UT  on 
August  16,  19 66 
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RIGHT  ASCENSION,  deg 


(U)  rig.  1J,  Pointing  Direction  of  Vehicle  Principal  Spin  Axis  fi^  and  the  fig  Axii  for  One 
Precession  Cycle  Baaed  on  the  Set  of  Nine  Vehicle  Motion  Parameter*  3slected  Prom  the 
Second  Data  Period  of  Project  Scanner  Plight  1  for  Tine  Beginning  6h  25m  46. 7s  UT  on 
August  16,  1966 
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THE  SCNS  ATTITUDE  DETERMINATION  EXPERIMENT  ON  ATS-III1 
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Tha  attitude  determination  portion  of  tha  SCNS  experiment 
flown  on  ATS-III  la  traced  from  tha  original  concept  formulation 
through  operational  data  reduction  and  interpretation  of  tha 
attitude  raaulta,  The  bailc  coneepta  related  to  tha  determina¬ 
tion  of  apacacraft  attitude  from  the  atellar  tranalt  time  infor¬ 
mation  provided  by  a  completely  paaaive  atrappad-dovn  atar 
acannar  are  briefly  reviewed.  A  akatch  of  the  complete  SCNS 
attitude  determination  ayatem  and  it*  information  flow  la  pro¬ 
vided,  Tha  affacta  of  calaatial  nolaa  eournee--f aint  atar  back¬ 
ground,  bright  objecte,  and  hard  radlation--ara  examined. 

Raaulta  of  a  detailed  evaluation  of  atar  detection  performance 
are  alao  preaented.  Finally,  the  attitude  raaulta  and  aatimataa 
of  their  accuracy  are  dltcuaatd.  In  caaea  of  good  atellar  target 
geometry,  the  root  aum  equate  three-axia  attitude  error  waa 


found  to  lie  in  the  range  from  12 


i.  maaausiM 

The  characterlatica  of  the  atallar-baaod, 
completely  paaaive,  atrappad-down  attitude  deter¬ 
mination  ayatem  which  waa  flown  on  ATS-III  are 
deacrlbed,  Tha  attitude  motion  of  tha  aatallite 
can  be  approximated  aa  that  of  a  aplnning,  torque- 
free,  rigid  aymmetric  body,  The  attitude  deter¬ 
mination  inatrumentatlon  employe  three  ellta 
which  are  locctad  behind  a  lana  ayatem  which  la 
rigidly  mounted  to  the  aatelllte.  The  rotational 
motion  of  the  aatelllte  oeuaas  the  atara  to  awcap 
acroaa  theae  elite,  The  brighter  atara  in  the 
inatrument'a  field  of  view  are  aanaed  by  a  photo¬ 
multiplier  located  behind  the  elite  and  the  time 
they  tranalt  each  allt  la  recorded,  Theae  tren- 
elt  tlmea  together  with  e  deacription  of  the 
orientation  of  the  allta  with  reapect  to  the 
aatelllte  axea  and  a  knowledge  of  the  atar  which 
producaa  each  recorded  tranalt  time  la  aufficlant 
to  determine  the  attitude  of  the  aatelllte  aa  a 
function  of  time, 

Unfortunately,  not  all  recorded  timae  are 
produced  by  known  atara,  Calaatial  nolaa  aourcea 
auch  aa  feint  atar  background,  the  aun,  aunllt 


la  work  waa  carried  out  for  the  Goddard 
Space  Flight  Canter  of  NASA  under  Contract 
No,  NA83-9J83 , 


to  20  aaconda  of  arc, 


moon,  aunllt  Earth,  and  hard  radiation  yield  a 
algniflcant  number  of  recorded  tlmea.  Moreover, 
atatlatlcal  fluctuatlone  in  the  radiant  output 
of  any  given  atar  cauaa  legitimate  trenalta  to  be 
undetected  with  a  algnif icantly  high  frequency, 

In  addition,  the  recovery  time  duration  following 
a  bright  aouree  encounter  cauaaa  a  large  portion 
of  tha  aalmuchal  direction!  to  be  loat  to  uaablt 
detactlona, 

Before  examining  tha  nature  and  eolutJon  of 
theae  varloue  dlf f lcultiea ,  a  brief  deacription 
of  the  belie  method  uaed  to  compute  the  attitude 
from  tranalt  tlmea  of  known  atara  will  be  given, 
More  complete  diacueeion  may  ba  found  in  Rafa,  1 
and  2 , 

Tha  general  problem  la  to  find  the  orlenta- 
tloi  of  a  coordinate  ayatem  fixed  in  the  epace- 
creft  with  reapect  to  a  atationary  coordinate 
ayatem,  The  heeic  input  macaurementa  which 
yield  thia  orientation,  or  attitude,  are  the 
tlmea  of  tranalt  of  known  etars  acroaa  a  allt. 

Conalder  a  l.-anaparant  allt  etched  on  the 
otherwiea  opaque  focal  plana  of  an  optical  aya¬ 
tem  aa  ahown  in  Fig,  1,  If  the  allt  la  a 
atraight  line  aegraent  and  the  optical  ayatem  la 
free  of  dletortlon,  than  a  portion  of  a  plana 
will  be  defined  which  contalna  the  allt  and  the 
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PMOTOtTCHtD  (LIT 

Fig.  1,  Th«  Relationship  Between  th*  Slit 
Plan*  and  the  Targat  Scar  at 
the  InitanC  of  Tranalt 


nodal  point  of  the  lint  lystsm.  Given  a  diitant 
bright  point  (ourct,  this  lourc*  will  b*  atnud 
by  a  dat«ctor  behind  Che  elit  if,  and  only  if,  it 
liee  on  th*  plan*  dafinid  by  th*  lilt  and  optical 
•y i tarn.  If  a  point  aourc*  croaaaa  th*  plane,  the 
source  transits  th*  slit.  The  instant  the  point 
aourc*  lies  in  the  plan*  is  called  th*  tranalt 
time , 

For  any  tranalt  time  of  a  atar,  th*  follow¬ 
ing  equation  may  be  written 

n  .  S  ■  0  (1) 


whir* 

n  •  unit  vector  normal  to  th*  slit  plane 
at  th*  instant  of  tranalt,  and 

£  *  unlc  vector  in  th*  direction  of  th* 
star, 

But  to  ap«clfy  th*  vehicle  orientation  at  any 
specific  instant  raqulraa  three  independent  angles 
uhlla  Eq,  (1)  yields  only  one  condition.  Addi¬ 
tional  equations  ara  obtained  aa  th*  vehicle 
motion  causes  th*  senior  to  acan  Che  celestial 
sphere  and  other  stars  are  encountered.  This  re¬ 
sult!  In  a  ait  of  conditions 


{n'Ct^  ■  -  Oj  .  <2) 

If  no  further  Information  is  Introduced,  thla 
simply  adda  on*  equation  and  three  unknown  angles 
at  each  isolated  transit  time,  However,  th* 
physics  which  governs  th*  motion  of  th*  satellite 
may  be  Invoked  to  develop  a  rime-dependent  charac¬ 
terization  of  th*  attitude  which  Involves  just  a 
few  unknown  parameters ,  Thla  "attitude  model" 
may  than  be  used  to  Internally  couple  the  condi¬ 
tion*  in  Eqs ,  (2) . 


Observe  that  since  the  optical  system  is 
fixed  within  the  satellite,  n  la  also  fixed  with¬ 
in  the  satellite.  It*  components  are  therefore 
moat  easily  written  in  a  coordinate  ayatam  fixed 
in  th*  aatelllte.  On  the  other  hand,  £  la  moat 
aaaily  written  In  a  celestial  coordinate  system 
(a  system  In  which  th*  star  diractloni  are  cata¬ 
loged).^  In  older  that  these  vector!  may  be 
written  in  th*  aame  coordinate  ayatam,  parameters 
which  specify  th*  orientation  of  th*  coordinate 
ayatam  fixed  In  th*  satellite  with  reapect  to  th* 
celestial  system  mult  be  Introduced,  However, 
thate  are  precisely  the  unknown  attitude  model 
parameter!  which  ere  Co  be  determined,  Solution 
for  thee*  parameter*  yields  a  atata  vector,  which, 
whan  lnsartad  In  tha  attitude  model,  results  In 
a  time  history  of  tha  attltuda  ovar  tha  Interval 
•panned  by  tha  transit  tin*  data  In  Eqe,  (2), 

Two  additional  obaervations  may  be  made. 
Flrit,  each  atellar  target  will  yield  two  spatial¬ 
ly  Independent  measures--*. g. ,  azimuth  and  eleva- 
tlon--if  more  than  one  slit  is  employed  In  the 
ecnior,  The  set  of  basic  constraint  equations 
than  takai  the  form 

{na (e4>  •  $t  -  0}  (3) 

where  J  indexes  the  set  of  slits,  The  additional 
information  par  itar  which  ie  gained  from  a  multi- 
slit  system  may  ba  exploited  to  reduce  tha  num¬ 
ber  of  raquirad  stellar  targets  or  to  inersaeo 
tha  data  sampling  rata,  Second,  if  the  number  of 
Independent  conditions  in  Eqs,  (3)  exceeds  the 
dimensionality  of  the  state  vector,  than  thie  sat 
of  aquation!  Is  redundant  and  may  ba  solved  In  a 
least-squaris  sense,  Tha  internal  consistency  of 
tha  raaulting  solution  la  a  measure  jointly  of 
tha  adequacy  of  tha  attitude  modal  and  tha  accu¬ 
racy  of  tha  transit  times. 

Tha  remainder  of  tha  paper  emphasizes  ths 
implementation  of  theie  concepts  in  th*  attitude 
determination  portion  of  the  SCNS  (Self-Contained 
Navigation  System)  experiment  flown  on  the  ATS- 
III  eatellite,  The  olscusalon  begin*  with  a 
brief  description  of  Che  characteristics  of  ATS- 
III  which  ars  pertinent  to  this  problem, 

II.  ATS -III 

Tha  orbit  of  the  ATS-III  satellite  is  cir¬ 
cular,  aquatorial,  and  synchronoua,  Hanca,  at 
viewed  from  tha  spacecraft,  tha  earth,  subtends  a 
relatively  small  angla  (17°).  This  implies  thet 
the  vehicle  will  be  in  the  sunlight  continuously 
except  for  very  brief  eclipse*  (of  approximately 
on*  hour  duration)  on  orbit*  which  occur  around 
the  time  of  tha  Spring  and  Fall  aquinoxes,  How¬ 
ever,  th*  great  altitude  required  for  eynchronous 
orbits  also  mains  that  Earth -related  torques  on 
the  eetellit*  will  be  very  email, 


2 

At  this  point  it  is  assumih  that  ths  star 
hs«  been  identified,  although  such  identification 
ie  not  a  trivial  proble-, 
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A  pictorial  view  of  Che  ATS>II1  upasacraft 
lctelf  la  displayed  In  Fig,  2,  Alto  shown  la  the 
relative  location  of  the  flight  Instrumentation 
for  the  SONS  experiment.  Although  the  satellite 
is  quite  massive.  It  la  seen  to  have  t  very  com¬ 
pact  shape  which  tends  to  make  It  Insensitive  to 
even  those  small  forces  which  are  present.  Fur- 
then,  the  vehicle  Js  spinning  very  rapldly--100 
rpm--end  thus  possesses  a  high  degree  of  attitude 
"stiffness," 


Fig,  2.  The  ATS-II1  Satellite  Showing 
the  Location  of  SCNS  Flight  Instrumentation 


As  a  consequence  of  the  characteristics  des¬ 
cribed  above,  the  dynamics  of  ATS-III  were  Ini¬ 
tially  aseumed  to  correspond  to  the  general  case 
of  a  rigid,  torque-free,  symmetric  body.  The 
basic  attitude  parameters  in  this  description 
(referred  to  henceforth  as  Model  1)  aret 

a,  6  -  right  ascension  and  declination, 
respectively,  of  the  angular  mo¬ 
mentum  vector, 

8  •  nutation  or  half-cone  angle, 

¥  *  y  +  ¥t  -  spin  angle,  and 

6  “  dQ  +  it  -  precosslon  angle. 

However,  after  gaining  some  experience  with  the 
actual  operation  of  the  satellite,  two  changes 
were  made  In  the  model.  First,  ths  precession 
and  nutation  dAmper  on  the  spacecraft  was  found 
to  be  very  effective;  the  half-cone  angle  8  was 
held  to  less  than  0.5  arc-minute.  Thus,  the  spin 
axis  and  total  angular  momentum  vectors  were 
essentially  coincident.  Under  these  conditions, 
only  the  sum  of  ;  end  i  has  significance;  no 
separation  of  the  spin  and  precession  can  be 


effected.  Second,  much  of  the  SCNS  attitude  data 
was  collected  In  the  brief  eclipse  periods  and  a 
positiva  acceleration  of  tha  vehicle  rotation  was 
observed .  Thie  was  attributed  to  the  change  in 
the  spacecraft  thermal  environment  as  tha  satel¬ 
lite  passed  out  of  direct  sunlight  and  Into  tha 
earth's  shadow.  As  the  spacecraft  celled,  It 
shrank  and  consequantly  sped  up  to  conserve  angu¬ 
lar  momentum.  A  constant  acceleration  was  found 
to  provide  an  adequate  description  over  a  time 
period  of  e  few  minutes  (several  hundred  rota¬ 
tions).  For  longer  periods,  an  acceleration 
which  Is  linear  tn  time  was  required.  Tha  ravis- 
ad  attitude  characterization  (Model  2)  assumed 
that  the  satellite  spins  about  a  fixed  axle  with 
a  rata  which  may  be  a  quadratic  In  time.  Along 
with  or  and  S,  the  attitude  parameters  for  Modal  2 
entar  as 

a  ■>  s  +  It  +  4  it2  +4  st3  -  simple  spin 

°  angle. 


Two  additional  features  of  ATS-III  require 
mention  hare.  The  nominal  direction  for  the 
spin  axis  was  very  close  to  the  South  Celestial 
Pole,  Since  a  characterisation  In  terms  of  (or, 

4)  has  a  singularity  at  that  point,  an  alterna¬ 
tive  pair  of  angles  with  the  singularity  at  the 
First  Point  of  Arles  was  used  intarnal  to  the 
data  reduction  to  avoid  possible  convergence  prob¬ 
lems,  Tha  final  solution  was,  however,  converted 
to  standard  celestial  coordinates  before  output. 
The  other  feature  relates  to  the  ATS-III  teleme¬ 
try.  A  wide  band  (3  mHz)  channel  was  available 
so  It  was  possible  to  transmit  the  analog  star 
signal  frot.i  the  acannar  directly  to  the  ground 
receiving  station  for  pulse  detection  and  digital 
transit  tlma  encoding.  This  permitted  signifi¬ 
cant  simplification  of  the  flight  instrument  and 
provided  considerably  more  flexibility  In  system 
operation. 

III.  THE  SCNS  EXPERIMENT 

The  SCNS  experiment  had  two  primary  objec- 
tives--demonstratlon  of  precision  attitude  deter¬ 
mination  capability  and  Investigation  of  the 
feasibility  of  a  self-contained  celestial  naviga¬ 
tion  system.  The  stellar  attitude  determination 
aystem--the  subject  of  this  papar--ls  patterned 
after  the  concepts  outlined  In  the  Introduction, 
The  navigation  system  extends  these  concepts  to 
the  detection  of  the  apparent  motion  of  a  nearby 
body  with  respect  to  the  fixed  field  of  stellar 
targets.  This  apparent  motion  1s  created  both 
by  the  actual  t otlon  of  the  target  body--the  moor 
and/or  a  email  probe  ejected  from  the  spacecraft-- 
and  the  motion  of  the  spececraft  itself.  Thus, 
if  data  la  gathered  over  a  significant  segment 
of  the  orbital  path,  it  may  be  reduced  to  obtain 
the  orbits  of  both  spacecraft  ami  target  or  of 
the  spacecraft  alone  If  the  target  orbit  la 
known  _a  priori.  The  latter  case  holds,  of  course, 
if  the  target  le  the  moon. 
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In  Fig.  3,  tons  fundamental  stpsctt  of  tha 
rtlatlvt  geometry  of  the  experiment  art  thown  at 
t  projection  on  tha  celestial  tphara.  The  opti¬ 
cal  exit  of  tha  SONS  Instrument  It  nominally 
canttd  away  from  the  positive  spin  exit  of  the 
vehicle  by  an  angle  of  63°  and  the  optical  field 
of  view  la  approximately  30°.  Since  the  direc¬ 
tion  of  tha  spacecraft  spin  axle  lay  vary  close  to 
the  South  Celestial  Pole,  the  scanning  motion 
swept  out  an  affaetlva  field  of  view  covering 
the  annulus  between  declinations  -10°  and  -40°, 
The  large  field  of  view  and  large  cant  angle 
ware  dictated  primarily  by  tha  target  acquisition 
requirements  of  the  navigation  experiment.  As 
can  be  seen  from  Fig,  3,  however,  this  leads  to 
a  configuration  In  whleh  the  tun  Ilea  directly 
In  the  path  of  tha  scan  during  the  winter  months. 
Figure  3  also  illuatrataa  tha  fact  that  the  aun 
will  be  aclipsed  by  tha  earth  only  for  times  of 
the  year  near  tha  equinoxes  and  than  only  for 
spacecraft  orbital  poaitlone  such  that  the  satel¬ 
lite  nadir  la  near  that  same  equinnctal  point. 
Note  finally  that  tha  aun  la  navar  mors  than  34° 
from  tha  edge  of  tha  annular  field,  even  nt  sum¬ 
mer  solstice. 


Fig,  4.  Orientation  of  tha  811ta  as  Defined  by 
T.  a.  and  a.  The  body  fixed  system 
<fB»  Jg*  *B>  ,uch  that  the  (fB,  kB)  plane 
containa  the  point  of  silt  intersection. 


Intersection. 

Tha  unit  triad  f»,  J*,  and  (cB  have  defined 
directions,  which  are  fixed  In  tha  spacecraft. 

In  general,  it  would  require  six  angles  to  de¬ 
fine  the  orientation  of  the  three  silt  planes; 
however,  for  the  case  hare,  only  three  angles 
are  required  as  shown  in  Fig,  4.  These  three 
angles  cannot  be  conaldarad  known  beforehand  for 
they  depend  upon  tha  spacecraft's  spin  axle. 

This  alignment  cannot  be  accomplished  uleh  tha 
accuracy  to  which  It  may  be  computed  from  star 
transits.  Thus,  tha  three  angles  r,  a,  and  a 
which  define  tha  orientation  of  tha  slits  with 
respect  to  a  prefsrrsd  coordinate  system  fixed 
In  the  spacecraft  are  parasitic  unknowns  In  tha 
total  problem. 

Tha  general  state  vectors  for  the  two  atti¬ 
tude  models  may  now  be  summarised  aa  follows) 


Fig,  3.  Principal  Oeomatrlc  Relationships 
of  tha  SCN8  Experiment  aa  Projacted  on  the 
Celestial  Sphere 


The  8CN8  slit  configuration  as  projected  on 
tha  celestial  sphere  la  shown  in  Pig,  3,  The  lo¬ 
cation  of  these  slits  with  respect  to  the  satel¬ 
lite  spin  exit  la  critical  and  la  pictured  In 
Fig.  4.  Tha  allte  ware  fabricated  to  Intersect 
at  a  point  so  that  tha  center  slit  bisects  tha 
angle ^formed  by  the  outer  silts.  Tha  unit  vector 
kj  •  kB  la  In  tha  direction  cf  the  spacecraft's 
spin  axle,  while  tB  la  fixed  In  tha  body  of  tha 
spacecraft  such  that  tha  (fB,  fiB)  plana  containa 
the  direction  which  Images  at  the  point  of  a  lit 
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B.  The  Senior 

Th«  on-board  equipment  pertinent  to  tha 
attitude  determination  experiment  consists  of  an 
optical  ayatam,  datactor,  and  analog  alactronica 
aaaambly.  A  schematic  aaction  of  the  aanaor 
head  la  praaanted  in  Fig,  3,  Became  of  aavare 
experiment  apace  limitation*,  It  wa*  nacaaaery  to 
fold  tha  optical  ayatam  «a  shown,  Furthermore, 
only  a  minimum  light  baffle  aufflclent  to  block 
atray  acattared  light  from  the  adjac.ut  apace- 
craft  atructure  could  be  provided.  The  abaence 
of  an  elaborate  aunahada  was  partially  offaet 
by  the  experimental  nature  of  the  program  which 
permitted  raatrlctlon  of  operation  to  favorable 
configuration*  of  the  bright  celeatlal  sources— 
tha  aun,  aunllt  Barth,  and  moon.  However,  aa 
will  be  described  below,  the  lnatrument  wa*  opar- 
atad  with  fair  auccaaa  when  tha  aatalllte  waa 
fully  aunllt  and  with  excellent  raaulta  with  the 
moon  directly  in  the  annular  ileld  of  view. 


Fig.  3.  SCN8  Optical  Aaaembly  and 
Detector  Schematic 


The  objective  la  an  off-the-ehelf  Super- 
Farron  lane  aaaembly  with  a  30°  nominal  field  of 
view,  a  76  mm  focal  length,  and  an  B8.3  mm  aper¬ 
ture,  Becauae  of  thia  wide  field  angle  and  very 
email  f/numbar,  the  ayatam  exhibit*  rather  atrong 
vignetting.  Further,  computer  ray  trace*  baaed 
on  the  ltna  preacrlptlon  indicate  that  the  blur 
apot  diameter  varlea  from  3  to  80  arc  minute*  a* 
tha  off-axla  angle  growe  from  0°  to  10°.  The 
efficiency  for  off-axla  aourcaa  la  reduced  even 
more  by  the  optical  complication*  Inherent  In  the 
folded  light  collection  ayatem.  The  net  affect 
of  thia  pattern  of  ettenuatlon  i*  to  raduc*  the 
uaeful  field  for  typical  atelier  detection*  to 
ebout  12°,  Thia,  however,  remain*  ample  for 
attitude  target  acquisition  for  almoet  any  orien¬ 
tation  of  tha  annular  field  on  the  celeatlal 
aphere.  In  addition,  the  full  field  la  atlll 
available  for  the  bright  luner  tranalt*  required 
for  moon  navigation. 


The  rotational  allt  width  of  each  of  the 
three  photo-etched  allte  In  Che  focal  plan*  reti¬ 
cle  la  approximately  7.6  arc-minute*.  Here,  "ro¬ 
tational  allt  width"  1*  defined  aa  the  angle 
through  which  the  aatelllt*  muat  rotate  to  caua* 
a  point  image  to  paaa  from  the  leading  to  the 
trailing  edge  of  the  allt.  A  constant  rotational 
slit  width  along  the  length  of  each  allt  and 
among  the  allta  implies  a  conatant  stellar  dwell 
time.  This,  In  turn,  simplifies  specification  of 
the  optimum  algnal  filter  electronics. 

The  detector  1*  an  Electro-Mechanical  Re¬ 
search  Model  S41-B-01-14  photomultiplier  with  an 
Integral  high  voltage  power  supply.  Tha  elec¬ 
tronic*  following  the  photomultiplier  provide  on¬ 
board  amplification  end  filtering  of  the  analog 
star  pula*  output.  A  combination  of  two  high 
voltage  setting*  plus  sight  gain  atep*  In  the 
on-board  amplification  result*  In  16  level*  of 
system  sensitivity  which  can  be  selected  by  tele¬ 
metry  command.  The  overall  range  of  these  level* 
corresponds  to  approximately  five  stellar  magni¬ 
tudes,  The  final  amplified  star  signal  output 
la  than  fad  directly  to  the  ground  station  over 
the  wlds-band  telemetry  link. 

C.  Data  Encoding 

After  the  analog  aanaor  algnal  la  received 
at  the  tracking  station  It  la  fad  Imnadlataly  to 
an  electronics  complex  which  Implements  a  vari¬ 
ety  of  algnal  processing  atape.  A  copy  of  the 
analog  algnal  1*  recorded  on  a  video  tap*  unit. 
This  recording  provides  a  back-up  aourcs  In  eh* 
event  of  a  malfunction  In  tha  direct  digital  en¬ 
coding  of  the  star  data;  the  algnal  can  be  replay¬ 
ed  and  digitised  from  tha  copy.  Tha  tape  version 
may  also  be  replayed  to  a  high  apead  chart 
recorder  to  generate  a  visual  display  of  the 
algnal  for  more  detailed  study.  Another  copy  of 
the  algnal  la  directed  to  the  operator'*  real¬ 
time  visual  display,  This  unit  1*  centered 
around  an  oscilloscope  with  trace  atoraga  capa¬ 
bility.  It  permits  the  operator  to  estimate  the 
quality  of  the  algnal  and  provide*  him  with  infor¬ 
mation  on  which  to  baae  hla  selection  of  a  detec¬ 
tion  threshold  level. 

The  primary  path  for  live  data,  however,  la 
shown  in  the  over-all  chart  of  SCNS  information 
flow  presented  in  Fig.  6.  The  sensor  output  is 
fed  directly  Into  tha  threshold  detection  elec¬ 
tronics  and  all  analog  pulses  which  exesed  tha 
threshold  level  setting  ara  detected.  The  thres¬ 
hold  syatem  Initially  employed  a  level  which  waa 
operator  aa. actable  but  otherwise  constant  In 
time.  This  approach  proved  entirely  adequate  for 
operation  in  the  nearly  dark-aky  condition*  of 
the  eclipses.  However,  the  extrema  changes  in 
the  background  light  levels  encountered  during 
aunllt  operation  required  development  of  baseline 
following  circuitry.  The  threshold  was  then  set 
at  a  fixed  level  above  the  resultant  time-varying 
baseline. 

Fcr  either  type  of  level,  the  output  of  tha 
threshold  ayatem  la  a  new  train  of  ractnngular 
pulses.  The  leading  edge  of  each  rectangular 


211 
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Data  Reduction 


OAT  A  ACQUISITION 


mutout  tnrritiM 


Fig,  6.  Principal  Path  of  Information  Flow 
Through  tha  Comp lata  SCNS  Attltuda 
Da termination  Experiment 


pulaa  corraaponda  to  tranalt  "lngreae"--tha  ln- 
atant  at  which  tha  analog  pulaa  juat  axcaada  tha 
ehraahold. 

Similarly,  tha  trailing  adga  of  tha  rectan- 
gular  pulaa  corraaponda  to  tranalt  "egraoe"--tha 
lnatant  at  which  tha  analog  pulaa  just  dropa  be¬ 
low  tha  thraahold, 

Tha  train  of  rectangular  pulaaa,  In  turn, 
la  uaad  to  control  tha  tranefer  of  digital  clock 
time,  Tha  baalc  clock  la  darlvad  from  NASA 
atandard  time  and  la  carried  to  a  time  encoding 
granularity  of  ona  mlcroaecond.  At  tha  lnatant 
corresponding  to  tha  leading  adga  of  a  rectangular 
pulaa,  tha  contents  of  tha  clock  and  a  tag  Indi¬ 
cating  tranalt  lngraaa  ara  tranafarrad  to  a  (mail 
digital  computer  which  aarvaa  aa  a  data  buffer  at 
tha  tracking  alte.  In  analogous  faahlon,  tha 
tranalt  (great  time  and  lt(  tag  ara  tranafarrad 
at  tha  occurrence  of  a  ractangular-pulaa  trailing 
adga.  Note  that  tha  star  "tranalt  tloa"  aa  de¬ 
fined  above  la  taken  aa  tha  mean  of  tha  lngraaa 
and  agraaa  tlmaa.  Thr  email  computer  than  simply 
tranafart  tha  data  it  hat  collected  to  digital 
magnetic  tape.  Tha  ramalnlng  series  of  (taps  In 
tha  attltuda  determination  procaaa  may  now  be 
Implemented  by  reducing  this  tranalt  data  off¬ 
line  In  a  large-scale  digital  computer. 


In  tha  abaanca  of  a  high  Incidence  of 
apurlous  transits,  tha  stellar  target  Identifica¬ 
tion  (and  subsequent  attltuda  determination) 
process  would  ba  relatively  simple  and  straight¬ 
forward,  Almost  every  star  detected  would  appear 
aa  a  unique  triplet  of  star  signals.  Tima  sepa¬ 
rations  of  triplet  pulaaa  for  a  given  star  could 
ba  compared  unambiguously  to  known  separations 
of  candidate  stars,  and  a  matching  of  triplets  to 
corresponding  atara  accomplished, 

Because  of  tha  positioning  of  tha  8CN8  in¬ 
strument  on  tha  ATS  vehicle  and  the  direction  of 
tha  spin  axis  of  tha  satellite,  tha  optical  field 
of  vlaw  swept  close  to  tha  earth  and  Barth- 
occulted  sun  on  each  scan.  In  addition,  tha  ann¬ 
ular  field  of  vlaw  crossed  tha  Milky  Way  at  two 
points.  Consequently,  tha  sensor  picked  up  a 
great  daal  of  apatlal  noise  which  resulted  In 
many  spurious  detections.  This  high  incldanca  of 
noise  nacassltatad  tha  uaa  of  digital  filtering 
techniques  Which  ware  applied  as  a  pra-procssslng 
step  in  tha  ground-based  computer  data  reduction. 

A  computer  program  was  written  to  perform 
tha  necessary  digital  filtering,  to  Identify 
atara  from  thalr  transit  times,  and  to  calculate 
tha  attltuda  parameters,  Tha  principal  opera¬ 
tions  In  this  program  ara  outlined  In  tha  flow 
chart  presented  In  Fig.  7.  These  operations  ara 
briefly  described  as  follows) 

1.  From  tha  raw  transit  time  data,  de¬ 
termine  tha  scan  period  to  within 
approximately  ona  part  In  10* . 

This  Is  accomplished  by  constructing 
a  histogram  of  transit  time  differ¬ 
ences  of  all  (reasonable)  differences 
near  tha  approximate  spin  period  (an 
estimate  of  tha  parlod  good  to  ona 
part  In  about  103  was  usually  availa¬ 
ble).  Than  all  entries  In  tha  moat 
heavily  populated  call  ara  averaged 
to  obtain  tha  spin  parlod  estimate. 

2.  Reduce  all  transit  times  within  an 
interval  covering  approximately  20 
scans  QSdiLefi  the  scan  parlod  estimate 
from  Step  1,  This  "folds"  all  of  the 
data  back  to  tha  first  scan  Interval, 
and  a  pulse  count  histogram  Is  built 
up  over  the  scan.  Peaks  In  tha  histo¬ 
gram  are  then  selected  as  corresponding 
to  repeatable  transits.  In  effect,  a 
nultl-acan  correlation  Is  performed 
and  used  to  reject  random  spurious 
detections.  For  each  selactad  cluster 
of  repeatable  transits,  the  reduced 
average  transit  tlma  (in  tha  first 
scan)  la  computed. 

3.  Search  through  the  set  of  reduced 
average  transit  times  to  locate 
triolets  of  repeatable  pulse  clustars. 
Triplet  selection  is  based  on  the 
symnutry  of  the  slit  pattern  about  tha 
center  slit;  equal  spacing  from 
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Pig.  7.  Flow  Chart  of  tha  Major  Stapa 
in  tha  SCNS  Attitude  Datarmlnatlon 
Computer  Program 


flrat-to-aecond  and  aecond-to- third 

pulaaa  la  aought.  Tha  crlplata  which 
arlaa  ara  than  regarded  at  candidate 
•teller  detections.  Thla  atap  con- 
plates  the  praprocaaalng  phase, 

4,  Identify  at  many  triplets  aa  possible 
with  known  stars.  Thla  la  tha  "blind" 
star  Identification  operation  and  Its 
Implementation  nay  ba  Illustrated  by 
reference  to  Pig.  8.  Tha  apparent 


TRANSIT  TIM  RATTIRN.tTARl 
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ITAR  I 

Fig,  8.  Geometry  of  tha  "Blind" 
Star  Identification 


co-elavatlon,  p. ,  of  target  1  with 
respect  to  tha  la  yet  unknown  scan 
axia  direction  may  ba  lnfarrad  from 
the  pulaa-to -pulaa  separation  internal 
to  triplet  1,  tha  scan  period  estimate 
and  tha  known  silt  geometry.  Further, 
the  atlmuch  aeparatlon,  Sjj,  between 
targets  1  and  J  may  ba  lnfarrad  from 
the  scan  period  and  tha  reduced  aver¬ 
age  transit  time*  of  tha  corresponding 
cuntar  silt  transits.  Once  ,  p,, 
and  Bij  ara  known,  only  a  simple  Ippll 
cation  of  spherical  trigonometry  la 
required  to  compute  tha  angular  tape- 
ration,  p*.,  on  tha  celestial  sphere 
between  targets  1  and  j.  But  thla 
apparent  aeparatlon  on  tha  celestial 
sphere  between  any  two  stare  la  an 
Invariant  quantity  Independent  of  tha 
particular  scan  axle  Iron  which  they 
era  atnaad.  Thus,  a  catalog  listing 
star  pair  separation  la  starched  and 
all  pairs  which  sgrae  with  pjj  to  with 
In  some  tolerance  art  Hated  as  poten¬ 
tial  matchaa  with  targatl  1  and  J, 

This  procedure  la  alio  appliad  to 


target  pairs  (1,  k)  and  (J ,  k) .  The 
lists  of  potential  matches  era  than 
saarchad  for  a  linkage  of  three  ststa 
which  closes  on  itself  as  follows! 


attitude  state  vector  end  Its  estimated 
standard  deviation. 


Target  separation 
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a  brief  history  of  the  operation  of  the 
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ATS -III  wet  launched  in  November  of  1967. 
However,  operation  of  the  BCN8  experiment  was  not 

The  corresponding  targets  are  chan 
identified  with  the  stars  in  the 
linkage.  Zf  additional  trlplata  era 
present  (such  as  4  in  Fig.  8),  then 
confidanca  in  the  Identification  is 
greatly  strengthened  by  matching  these 
new  triplets  with  catalog  start.  For 
the  case  shown  in  Fig,  8,  the  star 
Identified  with  target  4  must  have 
three  matching  aeparatlone  with  the 
corresponding  three  stars  already 
identified  with  1,  J,  and  k.  After  at 
many  triplets  are  identified  aa  possi¬ 
ble,  the  identifications  of  both  star 
number  and  slit  ’■umber  are  assigned  to 
each  original  transit  time  which 
entered  into  the  corresponding  repeat- 
able  pulaa  clutter. 


attempted  until  11  Hareh  1988  when  the  satellite 
wee  in  the  shadow  of  the  earth  and  thus  complete¬ 
ly  shielded  from  direct  sunlight  for  a  brief  seg¬ 
ment  of  each  orbit.  Indeed,  up  to  that  time  the 
spacecraft  was  continually  sunlit  and  the  tun's 
position  lay  directly  in  the  SONS  annular  field 
of  view. 

Data  was  than  collected  with  the  8CNB 
equipment  on  31  separate  days  over  a  period 
spanning  203  days  from  13  March  1968  through 
4  October  1968.  the  specific  dates  of  experi¬ 
ment  operation  and  key  operational  conditions 
are  sunmarised  in  table  1  where  the  "Day"  number 
is  measured  from  the  beginning  of  1968.  "Eclipse" 
operation  corresponds  to  the  celestial  configura¬ 
tion  when  At8-IIl  it  in  the  earth's  shadow)  also, 
unless  it  is  explicitly  noted,  the  moon  is  not 
in  the  annular  field  of  view. 


3.  Perform  a  least  tquarae  solution  of 
the  set  of  constraint  equations  [Eqs. 
(3)]  associated  with  these  Identified 
transit  times;  the  result  la  a  prelim¬ 
inary  attitude  state  vector  date rains* 
Note  that  the  components  or  the 
state  vector  enter  Eqs.  (3)  in  a  non¬ 
linear  manner  to  the  aquatlona  are 
first  linearised  and  an  iterative  solu¬ 
tion  is  required, 

6.  Predict  transit  times  for  all  possible 
target  stars  In  the  annular  field  of 
viaw  on  the  basis  of  the  attitude  solu¬ 
tion  obtained  In  Step  3. 

7.  Match  the  predicted  times  with  individ¬ 
ual  measured  transit  times,  This  step 
comprises  the  final  detailed  star 
identification  operation. 

8.  Perform  the  least  squares  iterative 
ettltude  determination  on  the  final  tat 
of  identified  transit  time  data.  Once 
the  solution  has  converged,  the  resid¬ 
uals  for  the  individual  transit  times 
are  examined  end  data  which  fits  the 
solution  rather  poorly  le  cast  out . 

This  process  tends  to  delete  mlsldentl- 
fled  or  inaccurately  detectad  trsnalts. 
The  attitude  solution  Is  then  repeated 
with  the  restricted  data  set. 

9.  latlmata  the  errors  in  the  attitude 
parameters  from  the  internal  conslstancy 
(functional  residuals)  of  the  overdater- 
mlnad  system  of  equations.  The  process 
is  than  completed  with  the  output  of  the 


Table  1.  History  of  SCN8 
Attitude  Determination  Experiment  Operation 


Day 

Data 

Operational  Conditions 

73 

13  March 

Spring  Eclipse 
(preliminary  oxparlmant 
check) 

93-97 

4-6  April 

Spring  Eclipsa 

131-135 

10-14  May 

Spscacraft  Sunlit 

Moon  In  Annular  Field 
(no  useful  transit  time 
data  obtained) 

151 

30  May 

Spacecraft  Sunlit 
(test  of  baseline  fol¬ 
lowing  circuitry) 

170-171 

18-19  June 

Spacecraft  Sunlit 

193 

11  July 

Spacecraft  Sunlit 

Moon  in  Annular  Field 
(moon  detection  teste) 

201-204 

19-22  July 

Spacecraft  Sunlit 

249-230 

3-6  September 

Fell  Eclipsa 

Moon  in  Annular  Field 
(date  for  lunar  naviga¬ 
tion  experiment) 

263 

19  Beptembor 

Fall  Eclipsa 

268-278 

24  September 
-4  October 

Fall  Eclipse 

Moon  in  Annular  Field 
(data  for  lunar  navi¬ 
gation  experiment) 

) 


) 
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As  noted  in  the  cable,  no  useful  transit 
time  date  was  obtained  for  Cha  period  covering 
Days  131  through  133,  However,  oscilloacopa  ob¬ 
servations  of  the  analog  signal  from  the  sensor 
revealed  that  star  pulses  were  present  in  the 
portion  of  ilia  scan  sway  from  the  tun  or  nnnn; 
they  were  not  being  adequately  detected  by  the 
fixed  threshold  level  because  of  large  baseline 
fluctuations  induced  by  the  high  light  levels 
from  the  moon  and  scattered  sunlight.  The  detec¬ 
tion  alectronlca  ware  modified  to  include  a  base¬ 
line  following  threshold  level  which  was  tasted 
on  Day  131  (30  May) ,  This  modification  success¬ 
fully  solved  the  detection  problem  and  useful 
stellar  data  vat  obtained  under  all  following 
oparatlonsl  condltlona--wlth  the  spececraft  in 
direct  sunlight  or  in  the  earth's  shadow  and 
with  the  moon  In  or  out  of  the  ennuler  field  of 
view,  The  stellar  detection  performance  of  the 
SONS  instrument  is  the  subject  of  the  next 
ssctlon, 

IV.  DETECTION  CHARACTERISTICS 

The  locations  and  visual  magnitudes  of  the 
principal  stellar  targets  in  the  SCOT  annular 
field  of  view  art  shown  In  Pig.  9.  The  two 
clusters  consisting  of  Sirius,  Adhere,  Westn,  and 
Miriam  on  ons  side  and  Antaras,  Nunkl,  and  Dsehub- 
ba  on  the  other  correspond  to  the  two  regions  in 
which  the  SCOT  annulus  crosses  the  Milky  Way. 

The  remaining  bright  star,  Pomalhaut,  it  in  a 
relatively  sparsely  populated  region  of  the  celes¬ 
tial  sphere,  In  addition  to  chess  sight  bright 
start,  most  of  which  are  also  vary  does  to  the 
canter  of  the  optical  field  of  view,  cha  full 
annulua  contains  26  more  stars  down  to  third 
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magnitude  (visual).  However,  very  few  of  these 
added  stars  are  near  the  center  of  the  field  end 
the  strong  off-axis  optical  attenuation  makee 
them  appear  effectively  fainter.  Purther,  those 
few  fainter  stars  which  are  near  the  center  of 
the  field  are  fairly  red  in  color)  the  spectral 
response  differences  between  the  relatively  blue- 
sensitive  SONS  instrument  and  the  visual  magni¬ 
tude  seals  alto  rnska  these  stars  affectively 
fainter,  Even  to,  many  of  thaae  fainter  targets 
were  detected  with  modest  repeatability, 

The  first  observation  which  strikes  one 
upon  examining  a  set  of  rtw  transit  time  data  is 
that  there  are  many  more  apparent  transits  than 
can  be  accounted  for  on  the  basis  of  ths  potsn- 
tlal  stellar  targets--even  if  all  of  the  moderate¬ 
ly  bright  stars  are  considered.  Ths  results  in 
Pig.  10  were  derived  after  the  problem  of  extrac¬ 
ting  tha  stellar  Information  from  the  spurious 
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fig.  10.  Typical  Noise  Pulse  Histogram  for 
Dark  >ky  Conditions  (based  on  data 
remaining  after  all  transits  from  identified 
stellar  targets  have  bean  removed). 


transit  background  had  been  solved  with  the  pre¬ 
processing  correlation  described  in  Section  III-D. 
Nevertheless,  these  results  illustrate  the 
sources  of  the  excsss  transits.  Tha  spurious  de¬ 
tection  race  (in  pulses  per  degree  per  scan) 
which  is  plotted  in  Pig,  10  was  obtained  in  the 
following  series  of  acepst 

1,  Transit  times  from  highly  repeatable 
detections  were  extracted  from  the 
no4 ay  raw  data  using  multiscan  corre¬ 
lation. 

2,  These  transit  times  were  identified 
and  then  used  to  obtain  a  precise  atti¬ 
tude  determination  on  the  basis  of 
Model  2. 


3,  This  attitude  solution  was  next  used  to 
Pig.  9.  Target  Osonatry  of  the  SONS  predict  tha  transit  times  for  ell  stars 

Effectlvs  Annular  field  of  View  Showing  the  which  were  in  the  annular  field  of  view 

Eight  Stars  (plus  Visual  Magnitudes)  Which  Wera  and  brighter  than  fourth  magnitude. 

Regularly  Detected  Under  Dark  Sky  Conditions 
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k.  The  iolutlon  generated  tlmee  were  Chen 
compared  againat  the  raw  transit  data 

and  a  mat oh  was  accepted  whenever  the 
predicted  and  Matured  tinea  agreed  to 
within  a  tolerance  equivalent  to  the 
rotational  ellt  width.  All  data  "Iden¬ 
tified"  in  thla  manner  waa  deleted  from 
the  llat.  The  original  Crane  it  timee 
which  remained  after  thla  matching 
proceae  were  aaeuMd  to  be  epurioue. 

3.  Finally,  the  dletributlon  of  thla 
noiee  data  waa  found  at  a  function  of 
poaitlon  in  the  ecan  and  normallaed  to 
a  noiee  frequency  in  epurioue  tranaite 

per  acan  degree. 

For  the  reeulta  in  Fig.  10  (acquired  on 
Day  9i)(  the  rate  of  epurioue  datectione  la  quite 
low  over  the  right  aacanalon  range  from  30°  to 
330°  although  there  are  clearly  discernible  in- 
creaaea  correlated  with  the  two  eroaalnga  of  the 
Milky  Way.  The  noiee  aourcea  in  thla  region 
appear  to  be  primarily  the  background  of  faint 
atara  (aupportad  by  the  Milky  Way  correlation) 
and  random  hard  radiation  eventa  at  the  aenaor. 

In  particular,  vlaual  examination  of  Vlaicordar 
chart  reoordlnga  of  the  analog  algnal  revaale 
occaalonal  laolatad  pulaee  of  very  large  ampli¬ 
tude  but  ahort  duration,  Theae  are  thought  to 
be  due  to  very  compact  ahowera  of  photoelectrona 
produced  by  a  tingle  hard  radiation  event,  In¬ 
deed,  the  narrow  tranait  width  of  auch  pulaee 
waa  uaed  to  delete  them  in  the  preprocaetlng 
phaae  of  the  data  reduction. 

The  dominant  noiee  detection  ratea  for 
acllpee  operation,  however,  are  correlated  with 
the  poaitlon  of  the  earth  and  the  earth-occulted 
aun  relative  to  the  ecan  (aee  Fig.  10).  Although 
the  body  of  the  earth  la  dark  and  la  not  directly 
in  the  SONS  field,  the  edge  of  the  annulue  paaeee 
within  1?3  of  the  earth' a  aouth  pole.  Two 
effecta  are  algnlf leant  here.  Tlret,  becauae  of 
the  greet  altitude  of  ATS-I1I  in  ita  eynchronoue 
orbit,  aunllght  may  be  refracted  and  acattered 
to  the  epacecraft  by  the  eareh'a  atmoaphere.  The 
earth  will  thua  have  a  halo  around  it  which  can 
be  aeen  from  the  apacecraft.  Further,  even 
though  direct  aunllght  la  blocked  by  the  earth, 
the  SONS  annulue  will  croaa  the  aodlac  vary  does 
to  the  eun  and  the  ecan  will  eweep  to  within  10s 
of  the  aolar  poaitlon  at  cloacae  approach.  Thua, 
the  SONS  instrument  will  acan  directly  through  a 
region  of  the  sky  where  the  background  due  to 
aodlacal  light  will  be  more  than  an  order  of  mag¬ 
nitude  brighter  than  the  background  of  faint 
atara.  Theaa  two  aourcea,  then,  may  account  for 
the  tremendoue  increase  in  felea  detections  near 
the  "dark"  earth  and  ooculted  aun. 

Aa  a  concluding  note  to  the  discussion  of 
the  level  of  epurioue  deta  acquired  during 
eclipse  operation,  it  may  be  obaerved  from 
Fig,  10  that  on  Day  96,  Fomalhaut  waa  embedded  in 
the  edge  of  the  band  of  aun-  and  earth-rolated 
nolaa.  Never theleaa ,  thla  star  wee  regularly 
detected  and  ita  tranaite  ware  extracted  from  the 
background  by  the  multi-scan  correlation.  Thua, 


the  preprocessing  techniques  described  here  were 
found  to  be  very  effective  In  Isolating  the  use¬ 
ful  data.  Indeed,  it  was  found  that  the  entire 
problem  could  be  solved  automatically  in  ceeee 
where  there  were  five  times  as  many  spurious 
transits  as  reliable  stellar  detections! 

The  noise  environment  became  significantly 
worse  for  SONS  operation  whan  the  satellite  waa 
in  full  sunlight.  Although  the  eun  was  some 
distance  from  the  annular  field  (but  never  more 
than  34°  away  at  closest  approach),  sunlight  waa 
directly  incident  on  the  inner  surface  of  the 
minimal  baffle  over  a  significant  fraction  of 
the  acan.  Light  scattered  directly  into  the 
optica  under  these  conditions  obliterated  nearly 
half  the  acan,  In  addition,  the  detector  high 
voltage  supply  and  the  following  amplification 
electronics  were  saturated  by  this  burst  of 
light  and  required  a  time  equivalent  to  approxi¬ 
mately  30  additional  degrees  of  the  scan  to 
recover  after  aach  aolar  ancounter.  Thus,  a 
segment  of  the  scan  nearly  210°  long  waa  lost 
for  data  acquisition  during  sunlit  operation. 
Nevertheless,  those  bright  stare  which  lay  in 
the  remainder  of  the  acan  were  regularly  detected 
with  only  a  small  increase  in  the  transit  time 
variation.  This  latter  decrease  In  accuracy  la 
attributed  to  the  general  increase  of  internal 
noise  excitation  in  the  detector  and  following 
electronical  the  spin  period  waa  sufficiently 
rapid  ao  that  the  system  was  unable  to  return 
completely  to  a  quiescent  state  before  receiving 
another  burst  of  scattered  sunlight. 

In  addition  to  the  significant  lsvel  of 
spurious  transits  Just  described,  another  problem 
related  to  the  selection  of  reliable  stellar  data 
waa  encountered.  The  moderately  bright  stars  in 
the  annular  flsld--Wasen,  Miriam,  Nunkl,  and 
Dachubbe--ware  not  regularly  detected  in  every 
slit  on  every  scan.  Indeed,  although  aach  star- 
slit  combination  was  detected  with  significant 
frequency  when  considered  alone,  a  complete  trip¬ 
let  of  tranaite  from  any  of  theae  atara  was 
observed  only  occasionally.  Tha  datactablllty  of 
a  particular  star  on  a  particular  acan  exhibited 
only  weak  correlation  from  ellt  to  slit,  These 
lntraacan  detection  fluctuations  Imply,  than, 
that  much  of  the  useful  stellar  data  cannot  be 
located  by  searching  for  Individual  triplets  of 
uniformly  spaced  trenalts.  Fortunately,  however, 
the  multi-scan  correlation  technique  first  estab¬ 
lishes  the  repeatability  of  individual  star-slit 
combinations  and  only  tnan  eeaka  to  locate  trip¬ 
lets  among  theee  pulaa  clusters,  Thua,  tha 
automatic  preprocessing  in  the  data  reduction 
deals  simultaneously  with  the  problems  of  extra 
noise  transits  and  missing  stellar  tranaite. 

Before  turning  to  the  detailed  results 
characterising  the  detection  performance  of  the 
system  on  individual  stellar  targets,  a  brief  dis- 
cuaalon  of  effective  or  "inetrument"  atelier 
magnitudes  la  needed.  Aa  noted  above,  both  the 
SCNB  spectral  raaponaa  and  the  vnrvlng  off-axla 
optical  attenuation  affect  the  apparent  magnltudee 
of  potential  target  atara.  In  order  to  obtain  a 
reasonable  spectral  correction,  the  equivalent 


black  body  temperature  end  lntenaity  coefficient 
were  derived  for  eech  candidate  aeer  from  the 
vlaual  magnitude  and  B-V  color  Index  for  thee 
ater,  Thle  black  body  charecterliatlon  waa  then 
combined  with  epectral  Information  on  the  lent 
and  photomultiplier  to  obtain  a  new  relative  mag* 
nltude.  The  aero  point  of  thla  nev  ecale  we* 
choaen  aueh  that  a  atar  of  eero  vlaual  magnitude 
and  aero  B-V  index  would  tranaform  to  aero  instru¬ 
ment  magnitude  at  the  center  of  the  optical  field. 
These  color-corrected  magnitudes  were  then  modi¬ 
fied  for  off-axlt  attenuation  using  measurement! 
obtained  during  pre-flight  teite.  Here,  ell 
correction*  were  expreeeed  in  *  manner  euch  that 
the  final  "instrument"  magnitude a  war*  normalii- 
ad  to  an  equivalent  magnitude  for  e  iter  on  the 
optlcel  exit.  The  specific  attenuation  correc¬ 
tion*  could  ba  mad*,  of  courat,  only  aftar  the 
attitude  problem  had  bean  aolvad  and  tha  off- 
axis  crossing  angle*  war*  known.  It  may  also  b* 
obaarvad  hare  that  th*  aid*  slit  transit*  war* 
further  from  the  optical  axle  than  eh*  center 
(lit  tranelt)  thus,  th*  atari  were  effectively 
fainter  in  th*  aid*  allta,  A  aummary  of  tha  ln- 
itrument  magnitude!  for  the  eight  principal  tar¬ 
get  etars  and  for  th*  apeclflc  attitude  rteulte 
on  Day  263  le  given  in  Table  2. 


Table  2,  Instrument  Magnitude!  of 
SCN8  Targat  Stars 


Star 

Visual 

Magnltud* 

Inatrumant  Magnltud* 
Canter  Sllc  Sid*  Sllta 

Slrlua 

-1.38 

-0.68 

-0.63 

Anteraa 

1.22 

1.60 

1,78 

Fomalhaut 

1.29 

1.41 

1.62 

Adhar* 

1.63 

1.30 

1.70 

Waian 

1.98 

2.23 

2.38 

Miriam 

1.99 

2.37 

2.43 

Nunki 

2.14 

1.97 

2.13 

Dechubb* 

2. Si 

2. 26 

2.39 

Thera  ara  two  key  indices  of  stellar  detec- 
tion  psrformanc«--tha  frtouancv  with  which  indi¬ 
vidual  star-slit  combination!  ara  datactad  and 
th*  trantlt  variation  within  th*  eet  of 

detection*  for  a  particular  star  end  slit.  In 
Fig.  11,  observed  detection  frequencies  ara  plot¬ 
ted  *■  a  function  of  etar-allt  instrument  magni¬ 
tude  for  det*  taken  on  Day  263,  Individual  fre¬ 
quencies  are  limply  th*  ratio  of  th*  number  of 
ecana  on  which  a  particular  etir-alit  waa  datactad 
and  ldantiflad  to  th*  total  numbar  of  acana  in  th* 
data  **t|  th*  reeulta  in  Fig,  11  correepond  to 
approximately  630  ecane.  Only  "conflict-frea" 
points  hava  baen  plotted  here,  A  "conflict" 
arleai  when  more  then  on*  potential  target  li  in 
the  ellt  pattern  (but  not  necaesarlly  in  th*  same 
•lit)  at  th*  earn*  time,  Thle  cen  have  two  effects. 
It  the  targets  are  very  nearly  centered  in  th* 
silt*  almultanaoualy,  then  th*  apperant  detection 
rat*  for  each  ia  artificially  enhanced  by  th* 
other.  On  th*  other  hand,  if  on*  target  ta  Juat 
entering  *  ellt  «*  th*  other  la  leaving  then  th* 
detection  frequency  for  tha  combined  puli*  ia 
enhanced  but  tha  tranolt  elms  la  dlstortad  and 


the  identification  may  be  missed.  Precisely  this 
type  of  conflict  arose  between  8lriua  end  Adhere 
for  on*  of  th*  three  tranelts  of  each;  a  detec¬ 
tion  wet  regularly  preeent  near  th*  expected 
location  but  we*  paired  with  Slrlue  only  12X  of 
the  time  and  waa  never  associated  with  Adhere  In 
the  final  iter  Identification. 

Figure  11  Illustrates  tha  expactad  gradual 
detection  cut-off  a*  a  function  of  magnitude. 

Th*  three  bright  etare--Fomalhaut,  Adhere,  and 
Ant*r*a--all  have  nearly  tha  asm*  instrument  mag¬ 
nitude  end  are  detected  very  regularly.  Th*  four 
seen  of  intermediate  brightness  ara  also  some¬ 
what  clustered  in  instrument  magnitude  and  are 
typically  seen  from  35X  to  63X  of  the  time.  Th* 
group  of  point*  beyond  magnitude  2.3  end  below 
frequency  0,2  in  Fig.  11  represent*  data  from 
tha  fainter,  marginally  detectable  star*  In  the 
BCN8  annulua.  Although  th*  clustering  of  Instru¬ 
ment  magnitude*  into  three  fairly  distinct  and 
compact  seta  praeludaa  an  unambiguous  interpreta¬ 
tion,  th*  results  in  th*  plot  do  euggeit  that  th* 
cut-off  extend*  over  approximately  one  atelier 
magnitude.  Thla  broad  rang*  of  lntarmadiata  de¬ 
tection  frequencies  may  be  attributed  to  a  combi¬ 
nation  of  statistical  variation*  in  th*  addltlvt 


Fig.  11.  Star  Datactton  Frequency  **  a 
Function  of  Kffactlv*  Stellar  Magnltud* 
fox  Typical  Dark  Sky  Operation, 

(Th*  "effective"  msgnltudea  have  been 
corrected  both  for  th*  relative  iptctrsl 
reapona*  of  the  SONS  sensor  and  for  varying 
off-axis  optical  attenuation.  The  lattar 
correction  differs  from  ellt  tn  alit  on 
the  asm*  star.) 
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background  noise  and  to  fluctuations  In  the  photon 
arrival  rate  from  the  Individual  moderate-bright¬ 
ness  target  stars.  The  rapid  spin  rata  of  the 
ATS -Ill  spacecraft  provldas  a  vary  short  "Integra¬ 
tion  tins"  for  tha  collection  of  stellar  photona 
at  each  tilt  transits  tha  star. 

Results  for  tha  complementary  Index  of 
etellar  detection  performance— vis. ,  transit 
time  accuracy— are  ahotm  In  Fig.  12.  Hare,  tha 
RMS  transit  Lima  residual  for  tha  center  allt  de¬ 
tections  of  aach  of  tha  sight  principal  SONS 
targets  la  plotted  against  tha  corresponding  In¬ 
strument  magnitude.  Again,  tha  results  are  taken 
from  Day  263  and  Involve  several  hundred  detec¬ 
tions  per  star.  Since  aach  Individual  transit 
time  residual  Is  a  measure  of  the  accuracy  with 
which  the  associated  transit  time  "fits"  tha 
final  least-squares  attitude  solution,  tha  data 
In  Fig.  12  demonstrates  the  rather  strong  corre¬ 
lation  between  target  Intensity  end  transit  time 
variation  for  stars  In  the  vlolnlty  of  detection 
cut-off.  In  terms  of  scan  aslmuth  ang*e,  tha 
detection  variation  ranges  from  23  arc-seconds 
for  transits  of  Sirius  to  36  arc-seconds  for  tran¬ 
sits  of  Fomalhaut  and  finally  to  76  arc-seconds 
for  transits  of  Mlrsam.  Since  the  rotational 
silt  width  is  7.6  arc-minutes,  these  detection 
variations  correspond  to  affective  silt  Interpola¬ 
tion  factors  of  20,  12.3,  and  6,  respectively. 
Thus,  the  use  of  a  moderately  wide  silt  to  Im¬ 
prove  the  photon  integration  capabilities  of  the 
sensor  while  still  maintaining  acouracy  In  tha 
resulting  datactad  transit  times  la  clearly  demon¬ 
strated. 

One  aspect  of  detection  performance— the 
recovery  of  tha  system  after  an  encounter  with  a 


bright  source— remains  to  be  discussed  In  more 
detail.  The  effects  of  operation  with  the  space¬ 
craft  in  full  sunlight  have  already  bean  briefly 
described.  However,  much  of  the  experiment  opera¬ 
tion  was  carried  out  with  the  moon  directly  In  the 
annular  field  of  view  (see  Table  1)  and  the  asso¬ 
ciated  sensor  bahsvlor  was  extensively  investi¬ 
gated.  In  particular,  during  the  data  collection 
operations  on  Days  26}  through  230  and  again  over 
the  entire  period  from  Day  268  through  278,  tha 
moon  occupied  a  sequence  of  positions  In  the 
vicinity  of  Dschubba,  Antares,  Nunkl,  and  Fomal¬ 
haut.  Bach  of  these  stars  was  completely  oblit¬ 
erated  by  the  effsots  of  the  moon  for  some  of 
these  conflguratlone;  the  results  are  auomarlsed 
In  Fig.  13.  Here,  the  relative  detectability  of 
aach  star  la  plotted  as  a  function  of  Its  ael- 
muth  separation  from  the  noon.  The  "relative 
detectability"  values  were  obtained  through  two 
normalisation  steps  applied  to  tha  original  de¬ 
tection  frequencies  for  each  star  and  each  data 
collection  operation.  On  a  given  day,  all  of 
the  detection  frequencies  for  the  four  stars  of 
Interest  were  divided  by  the  detaotlon  frequency 
for  the  center  slit  of  Adhara.  This  latter  star 
wsa  well  away  from  tha  location  of  the  moon,  end 
It  was  therefore  used  as  a  detection  standard  to 
eliminate  the  affects  of  slight  variations  In 
threshold  settings  from  day  to  day.  The  second 
normalisation  consisted  of  dividing  each  of  the 
detections  for  a  particular  star  by  the  detection 
frequency  observed  for  that  star  on  Day  263  (aach 
divisor  was  slso  normalised  with  respect  to  de¬ 
tections  of  Adhara  on  Day  263),  The  moon  was 
completely  out  of  tha  field  on  the  latter  date. 
Thus,  the  frequencies  for  Day  263  were  treated 
essentially  as  measures  of  the  Intrinsic  detects- 
bllity  of  eaoh  star.  From  Fig,  13,  It  may  be 
observed  that  tha  scan  prior  to  *he  noon  is 
affected  only  when  the  moon  has  essentially  enter¬ 
ed  the  optical  field.  Following  tha  lunar  en¬ 
counter,  however,  the  system  sensitivity  remains 
degraded  over  a  larger  aalmuth  angle.  This  la 
attributed  to  the  time  required  for  the  detector, 
its  power  supply,  and  tha  following  electronics 
to  recover  from  secure t.1  on;  the  recoveiy  angle  Is 
similar  to  the  value  noted  ebove  for  the  recovery 
from  a  strong  burst  of  scattered  eunllght.  In 
any  event,  tha  presence  of  the  moon  directly  In 


Fig.  12.  Transit  Tlim  Residuals  as  a 
Function  of  Instrument  Magnitude— Data  for 
Center  81lt  Transits  Only,  Day  263. 

One  microsecond  of  tins  corresponds  to  2.3 
arc-seconds  of  scan  rotation. 


Fig.  13.  Relative  Stellar  Detectability  as  a 
Function  of  the  Aslmuth  Separation  from  the 
Moon  to  tha  Target  Star.  In  all  cases,  the 
moon  le  in  the  field  of  view. 
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the  annular  field  appear*  to  delete  about  50°  of 
arimuth  from  the  useful  scan  (except,  of  course, 
for  moon  transits)  but  Co  leave  the  remainder  of 
the  scan  essentially  unaffected.  This  la  a 
remarkably  short  time  for  full  recovery  given  the 
rapid  spin  rate  of  ATS-III, 


The  aspects  of  the  system  described  up  to 
this  point  are  all  significant  hut  subsidiary  to 
the  primary  goa'.—pracislon  determination  of  the 
time  dependant  spacecraft  orientation.  It  was 
anticipated  that  the  spacecraft  might  exhibit 
significant  precession  so  the  preliminary  data 
taken  on  Day  73  (13  March  1968}  was  reduced  uaing 
attitude  Model  1.  The  results  for  four  different 
Intervals  of  data,  each  covering  approximately  23 
rotations  of  the  satellite,  are  lusnarlssd  in 
Table  3.  A  number  of  features  emerge,  First,  the 
direction  of  the  total  angular  momentum  is  seen 
to  lie  very  close  to  the  South  Foie— within  14 
arc-minutes.  Second,  the  results  for  the  nuta¬ 
tion  cone  angle,  6,  are  bounded  by  0.3  arc-minute. 
Also,  Casas  1  and  2  (or  3  and  4)  use  a  consaon 
initial  time  and  one  would  expect  the  values  for 
both  40  and  to  remain  the  seme  from  one  solu¬ 


tion  to  the  next.  Since  they  do  not,  it  la  con¬ 
cluded  that  the  precession  and  nutation  damper 
is  very  effective  and  that  the  determination  of 
9  is  in  tha  noise)  the  effects  of  precession  and 
spin  cannot  be  reliably  separated.  It  mav  be 
observed,  however,  that  the  sums  (g0  +  4.  )  and 
((i  +  4)  are  well  defined.  Thus,  the  general  pre¬ 
cession  model  was  abandoned  in  favor  of  Modal  2 
which  assumes  that  tha  satellite  spins  about  a 
fixed  axis.  This  latter  model  was  employed  in 
all  subsequent  reductions  of  attitude  date,  and 
its  use  was  justified  by  the  smell  residuals  asso¬ 
ciated  with  the  aolutiona, 

Typical  solutions  obtained  using  Modal  2 
with  data  taken  during  the  spring  eellpsas  are 
presented  lti  Table  4.  For  these  reduotions,  the 
time  interval  over  which  tha  data  wee  gathered 
wet  sufficiently  Iom  to  exhibit  e  non-negllglhle 
spin  acceleration  (a)  due  to  tha  cooling  and  con¬ 
traction  of  the  spacecraft  in  the  earth's  shadow. 
The  V  term,  however,  was  assumed  to  be  identical¬ 
ly  taro. 

Alto  shown  in  Table  4  are  estimates  of  the 
standard  deviations  of  the  eight  variable  compo¬ 
nent  a  in  the  etata  vector;  these  were  obtained 


Table  3.  Solution  for  Precession  Model  (Day  73  Data,  10  Unknowns) 


Half  Cone  Initial 
(Nutation)  Spin 
Angla  Angle 


Initial 

frecesalon 

Angla 


Precession 

Kate 


Angles  Which 
Define  Loo at ion  of 
Sllta 


Right  Ascension 
A  Declination  of 
Angular  Momentum 


Case 

No. 

0 

dag 

deg 

* 

deg/sec 

4# 

d«| 

4 

deg/ sec 

a 

deg 

r 

deg 

c 

dtl 

« 

deg 

8 

dag 

1* 

.008 

-68.720 

-21.933 

-34.233 

398,042 

84,272 

-11.037 

.192 

64.81 

-89.782 

2* 

.003 

31.419 

-18.211 

183.389 

394.318 

84.294 

-11.170 

.106 

66.33 

-89.768 

3** 

.003 

106.187 

•22.389 

117.063 

398.593 

84.373 

-11.122 

.186 

62.42 

-89.772 

4** 

.003 

104.132 

•22.443 

119.117 

394.431 

84.391 

-11.114 

.184 

60.43 

-89.773 

*,  **  indicate  cases  which  had  comnon  initial  times. 

Table  4.  Summary  of  Attitude  Results  from  Data  Taken  on  Days  73  and  96, 

(Simple  Accelerated  Spin  Model  with  s' e  0,  l  ■  RMS  Value  of  Residuals  of  beast  Squares  Solution  (usee)) 


dag/sec  deg/sec 


236.694 

47.497 


373.9003 

376.3982 


.00012 

.00010 


•11.1686 

-11.0834 


64,260 

64.436 


61.27V 

78.348 


£ 

No.  of 

E 

tntarvcl 

deg 

Transits 

tiatc 

lie 

-89.748 

444 

31.8 

104 

-89.330 

867 

34.9 

84 

«<•*>  J7(*>  _?<•>  ,  <?(£)  o(a)  o(o)  c(®>  o(i) 

Day  sec  sec/eec  sac/sec'  sec  sec  isc  deg  *Tc 

73  9.44  .446  .0078  32.26  29.33  54.17  .621  12.93 

96  11.92  .391  .0089  33.13  26.63  67.26  .211  10.62 
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from  Che  residuals  of  the  final  solutions.  It  Is 
seen  that  all  parameters  are  quite  accurately  de¬ 
termined  except  for  a  (the  co-slevttlon  of  the 
silt  vertex)  end  a  (the  right  ascension  of  the 
spin  direction).  The  silt  perimeter,  a,  Is 
poorly  determined  because  the  ingle  between  the 
center  slit  end  each  outer  slit  is  relatively 
smell  (U?1020)  while  the  useful  target  stars 
have  s  very  smell  spread  in  co-elevation  with 
respect  to  the  spin  direction.  Tor  precisely 
these  seme  reasons,  however,  the  other  unknowns 
in  ths  state  vector  ars  insensitive  to  errors 
in  0,  The  large  estimate  for  the  standard  devia¬ 
tion  In  a  arises  singly  from  ths  fact  that  the 
epln  axis  is  close  to  the  South  Celestial  Fola; 
the  right  ascension  is  poorly  determined  there 
but  a  large  error  in  a  results  in  a  rather  small 
error  In  the  pointing  direction. 

One  further  observation  may  be  mads  from 
ths  results  in  Table  4(  the  spin  axis  direction 
changes  significantly  between  Osya  73  and  96. 

This  change  is  attributed  to  a  spacecraft  maneu¬ 
ver  which  was  performed  on  Day  82.  The  entire 
history  of  the  ATS-I11  spin  axis  pointing  direc¬ 
tion  as  determined  by  the  SCNS  experiment  is 
traced  in  Tig.  14.  Note  that  the  spin  axis  was 
never  further  than  1.1°  from  the  South  Celestial 
Pole,  but  its  right  ascension  varied  by  almost 
180°  over  the  time  interval  from  Dsy  73  to  Day 
278.  No  apacsoraft  maneuvers  were  performed 
during  the  period  from  Dsy  171  to  278  to  ths 
drift  in  pointing  dirtctlon  must  be  attributed 
to  small  external  torques  acting  on  the  satellite. 
A  more  detailed  plot  of  ths  right  ascension  and 


siomt  a  scission  mewl 

m O'** 


Pig.  14,  Direction  of  the  ATS-1I1  Spin  Axis 
as  Determined  by  the  SCN8  Experiment  for 
Various  Dates  in  1968,  No  spacecraft 
maneuvers  were  performed  from  Day  VS  to  97, 
nor  from  Doy  171  to  278, 


declination  of  the  spin  axis  or.  Days  269  through 
277  le  presented  in  Fig.  15.  These  results  also 
clearly  demonstrate  the  small  but  significant 
systematic  change  in  both  or  end  6. 
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Pig.  IS.  Direction  of  Satellite  Spin  Axis 
as  a  Function  of  Tims  on  Days  269  to  277. 
(Time  measured  from  the  beginning  of  1968.) 


The  attitude  results  as  Just  doacrlbad  are 
of  fundamental  intarast  to  the  total  operation 
of  ths  spacecraft.  However,  from  the  standpoint 
of  the  experimental  nature  of  SCNS,  ths  attitude 
solution  error  characteristics  ere  mors  interest¬ 
ing.  Of  course,  an  attitude  reference  of  higher 
precision  than  SCNS  is  not  available  on  ths 
spacecraft  to  error  estimates  can  only  be  obtained 
by  examining  the  internal  consistency  of  ths  SCNS 
results.  Two  methods  of  obtaining  such  estimates 
wars  used, 

Ths  first  approach  exploited  the  fact  that 
the  least-squares  solutions  involved  hundreds  of 
transits  from  eight  independent  targets.  Thus, 
both  the  spatially  independent  variables  (the 
spin  axis  direction,  the  aslmuth  at  ths  refsrsnca 
time,  end  the  slit  parameters)  and  ths  time  relat¬ 
ed  rates  and  accelerations  were  highly  ovsrdetar- 
mlnad.  Under  these  conditions,  ths  residuals  in 
the  least-squares  solutions  may  be  used  to  esti¬ 
mate  the  standard  deflations  in  ths  determinations 
of  Che  state  vector  components.  An  example  of 
this  approach  has  already  been  exhlbitod  in 
Table  4  in  connection  with  results  from  operation 
in  the  spring  eclipses.  Note  that  whan  ths  full 
scan  is  available,  the  target  geometry  is  excel¬ 
lent  (Pig.  9)  and  ths  arrors  in  each  of  three 
spacecraft  sxss  is  on  ths  ordsr  of  ten  arc 
■aconds  (Table  4), 

During  the  summer  months,  when  ths  satel¬ 
lite  was  In  full  sunlight,  only  two  or  three  of 
ths  stars  were  acquired  from  the  set  consisting 
of  Dschubba,  Antares,  Nunkl,  end  (occasionally) 
Fomalhaut,  This  rasultsd  in  significantly  poorer 
target  geometry.  Also,  as  has  already  been 
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mentioned,  the  variation  in  the  transit  times 

from  thota  ttar-tllt  combination*  which  wire  de¬ 
tected  waa  lncraaaad  by  the  nolaa  environment. 
Under  there  circumstance* ,  it  waa  not  poaaibla  to 
solve  for  the  alit  parameter!— they  were  treated 
aa  known.  Ivan  ao,  the  estimate  for  the  atandard 
deviation  in  the  pointing  direction  determination 
ia  pnly  1.5  minutes  of  arc. 

Finally,  the  alternative  approach  to  evalu¬ 
ating  internal  conaiatancy  in  the  attitudo  aolu- 
tiona  waa  applied  to  data  obtained  during  the  fall 
ecllpaaa,  Thie  method  eonaiata  of  separating 
the  original  tranait  time  data  into  aubaata  of 
completely  Independent  but  interleaved  detection!. 
The  aolutiona  baaed  on  there  varioua  aubaeta  era 
than  independent  of  one  another  and  tha  apraad 
in  the  determination  of  each  unknown  ia  a 
meaaure  of  tha  aolutlon  conaiatancy.  the  ra- 
aulta  for  a  eat  of  five  auch  determination!  from 
the  data  acquired  on  Day  263  aie  displayed  in 
Table  5.  Hera,  a  elgnlflcant  and  reaaonably  re¬ 
peatable  V  term  haa  been  determined.  Note  alao 
that  apraada  in  tha  determinations  of  tha  three 
■pacecraft  axes— A»0,  cos  6  Aa,  and  £6--*re  each 
on  tha  order  of  ten  arc  seconds.  These  values 
are  thus  very  consistent  with  the  etandard  devia¬ 
tion  estimates  described  above,  In  conclusion, 
then,  the  root  *um  square  three-axl*  attltuda 
error*  appear  to  fall  In  the  range  of  12  to  20 
second*  of  arc, 

vi.  SMKMHW 

The  attitude  determination  portion  of  tha 
SONS  experiment  on  AT8-1II  was  successfully  oper¬ 
ated  on  a  number  of  different  dates  spread  over  a 
203  day  period  from  13  March  to  6  October  1968. 
Data  waa  acquired  both  when  the  satellite  waa 
within  and  out  of  the  earth's  shadow.  This  data 
waa  reduced  off-line  but  with  an  operational 
computer  program  which  fully  automated  the  task* 
of  pre-processing  data  selection,  atar  identifi¬ 
cation,  attltuda  determination,  and  error  esti¬ 
mation. 


For  operation  in  full  sunlight,  it  was 
found  that  the  sensor  waa  able  to  recover  from 
it*  extensive  solar  encounter  on  each  seen  and 
to  detect  two  or  three  bright  stars  within  a 
narrow  aalmuth  band.  Bven,  in  this  case  of  very 
poor  target  geometry,  the  accuracy  of  the  deter¬ 
mination  of  the  spin  axis  direction  waa  on  the 
order  of  1.5  arc  minutes.  For  an  operational  as 
opposed  to  experimental  system,  however,  more 
elaborate  aun  shielding  would  clearly  b*  desir¬ 
able  and  la  racommendad.  Finally,  when  the 
apececraft  waa  in  tha  earth's  shadow,  both  the 
number  nnd  distribution  of  useful  stellar  targets 
Improved  and  the  full  potential  of  the  system  was 
more  nearly  demonstrated.  In  these  case*  of 
good  target  geometry  and  reasonably  dark  aky  con¬ 
ditions,  the  root  sum  square  three  axle  attitude 
errors  decreased  to  lie  within  the  range  from 
12  to  20  arc  aaconda. 
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Table  5.  Attitude  Solutions  for  Completely  Independent  but  Interleaved  Sets  of  Date 

(Day  263,  9  Unknowns) 


•o 

a 

■ 

'i  , 

deg/sec 

V  , 

r 

« 

0 

or 

6 

Oroup 

deg 

deg/sec 

deg/sac 

deg 

deg 

dag 

dag 

deg 

(1) 

266.170 

637.0246 

1,247x10"** 

-2.483x10"® 

-11.0964 

0.463 

84.203 

216.331 

-88.999 

(2) 

266.168 

637.0246 

1.247x10"** 

-2.379x10"® 

-11.0904 

0.438 

84.220 

216.668 

-88.999 

(3) 

266.170 

637,0246 

1.247x10"** 

-2.304x10"® 

-11.0985 

0.463 

84.209 

216.643 

•88.999 

(4) 

266.169 

637.0246 

1.246x10*** 

-1.926x10"® 

-11.0916 

0.438 

84.213 

216,604 

-89.002 

(5) 

266.167 

637.0246 

1.248x10"** 

-2.366x10"® 

-11.0937 

0.459 

84.211 

216.760 

-89.000 

Spread 

0.003 

-- 

0.002x10"** 

0.640x10"® 

0.0081 

0.003 

0.015 

0.209 

0.003 
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ABSTRACT 


An  Attitude  Determination  (A/D)  data  reduction  and  analysis  system  Is  described. 

The  system*  s  basic  capabilities  are:  The  reduction  o f  starmapper  and  sun  sensor 
data  to  estimates  of  spacecraft  state,  generation  of  simulated  starmapper  and  sun 
sensor  data,  and  an  on-line  analysis  capability.  A  nonlinear  Kalman-type  estima¬ 
tion  algorithm  is  used  in  the  system  to  reduce  sensor  outputs  to  estimates  of  vehi¬ 
cle  rates,  attitude,  and  parameters,  Conceptually,  the  spacecraft  is  spin  stabilized 
and  uncontrolled  during  data  gathering  with  the  spin  axis  nominally  oriented  normal 
to  the  orbit  plans.  A  discussion  of  the  spacecraft  dynamics  and  estimation  algorithms 
is  included,  along  with  results  which  demonstrate  attitude  aoouraoy  as  a  function  of 
such  parameters  as  instrument  noise  and  number  of  celestial  sightings  per  vehlole 
spin  period. 


INTRODUCTION 

For  the  purpose  of  this  paper,  the  Attitude 
Determination  problem  is  defined  to  be  the 
estimation  of  spacecraft  rates,  sttitude,  and 
parameters  by  means  at  ground-based  data  pro¬ 
cessing  of  starmapper  and  aun  sensor  data. 
Conceptually,  the  A/D  system  under  considera¬ 
tion  oonalsts  of  a  passive  starmapper  and  aun 
sensor  Instrument  system  fixed  in  the  spacecraft, 
an  on-board  data  handling  and  filtering  subeystem, 
and  ground  data  processing  of  the  starmapper  and 
■un  sensor  outputs  to  vield  estimates  of  space¬ 
craft  attitude.  Within  this  context,  two  topics  are 
discussed.  First,  the  capabilities  of  an  attitude 
determination  system  simulation  are  described. 
Second,  results  of  studies  using  the  simulation 
are  presented. 

The  simulation  is  designed  to  simultaneously 
satisfy  several  requirements: 

•  Operational  Requirement  •  Missions  of 
a  year*  s  duration  or  longer  are  con¬ 
templated,  Thus,  to  prevent  backlog¬ 
ging  of  data,  the  chosen  estimation 
algorithms  must  be  capable  of  provid¬ 
ing  estimates  of  spacecraft  state  in 
significantly  faster  than  real  time  on 
existing  computers. 


s  General  Applicability  -  The  contract 
objectives  are  to  provide  a  simulation 
applicable  to  a  olass  of  applications 
rather  than  to  a  specific  mission.  Con¬ 
sequently,  a  system  treating  a  wide 
selection  of  parameters  as  variables 
for  data  reduction  studies  is  required. 

e  Display  Capability  -  A  computer  sys¬ 
tem  with  a  versatile  display  is  neces¬ 
sary  tD  enable  the  analyst  to  realize  a 
thorough  understanding  of  the  operation 
and  performance  of  the  data  reduction 
algorithm*. 

To  eatlsfy  these  requirement*  the  following 
features  have  been  Incorporated  Into  the  simula¬ 
tion: 

a  An  accurate  and  computationally  effi¬ 
cient  mathematical  model  of  the  space¬ 
craft  dynamic*  and  torques  affecting 
the  spacecraft  rotational  dynamics, 
External  disturbance  torques  due  to 
eddy  currents,  residual  magnetic  mo¬ 
ment,  gravity  gradient,  and  eolar  and 
aerodynamic  pressure  are  included  in 
the  model  to  generate  simulated  star 
and  sun  sensor  outputs.  For  the  atti¬ 
tude  determination  data  reduction  the 
first  two  torques  are  included  in  the 
■pscecrsft  model. 


1Thls  work  done  under  Contract  NASI -B80I,  August  1969 
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Variable*  of  instrument  noise 


•  Kalman  filtering  of  sensor  outputs  to 
yield  estimates  of  spacecraft  rates, 
attitude,  and  parameters. 

e  Identification  of  star*  causing  sensor 
outputs  by  using  algorithm  estimates  of 
attitude  during  the  normal  sequential 
data  processing, 

e  An  on-line  analysis  and  control  utilizing 
cathode  ray  tube  display  to  provide 
access  to  any  variable  of  interest  and 
simulation  control  functions. 

NOTATION 

t  Time,  Independent  parameter 

tg  Star  (or  sun)  transit  times 

uv,u  , u  Spacecraft  angular  rates,  principal 
x  y  2  body  axes 

if/,  d ,  A  Euler  angles  parameterizing  the 

rotation  from  Inertial  to  body  co¬ 
ordinates 

Ijjlj.Ij  Spacecraft  moments  of  inertia 

A,C  Inertia  ratios  1^1 12  and  I3/I2 

M'  Spacecraft  residual  magnetic  moment 

coefficient  vector  divided  by  Ij 

K'  Spacecraft  eddy  current  coefficient, 

divided  >y  I2 

X  Variable  dimension  estimation  stats 

vector 

fOC)  Functional  representation  of  X 

P  Covariance  matrix 

T 

(  )  Denotea  matrix  or  vector  transpose 

fx  Jacobian  matrix,  &?/  Sx 

«  Measurement  error 


H  Measurement  model 


2 

Ojj  Measurement  variance 

*(k,  k-1)  State  n  x  n  transition  matrix  relating 
linearized  state  from  time  t.  .  to 
time  tk 

W  Square  root  of  covariance  PsWW^ 

(  ).,  (  )  Denotea  quantity  before  and  after 
*  application  of  corrections  due  to 
measurement  error 

(*)  Denotes  unit  vector 

A 

U  Unit  normal  to  slit  plane 

A 

b  Star  (or  sun)  vector  In  inertial  space 


4 

(  )B  Denotes  vector  in  body  coordinates 

(  )j  Denotes  vector  in  inertial  coordinates 

6  Optical  axes  of  starmapper  (sun 

sensor) 

fov  Field  of  view  of  starmapper  (sun 

sensor) 

*i»  *  2*  *3  Angles  parameterizing  the  offset  of 
1  *  a  the  experimental  w.  r.  t,  the  space¬ 

craft  axes 

y  Cant  single,  with  zero  offset,  the  angle 

between  the  optical  axis,  and  the  y 
body  axis 

j3  Notation  angle  of  slit  plane  about  the 

optical  axis 

a,  8  Right  ascension,  declination  of  star 

(sun) 

SIMULATION  DESCRIPTION 

Two  major  functions  are  performed  by  the 
simulation.  The  primary  function  is  the  reduc¬ 
tion  of  starmapper  and  sun  sensor  measurements 
to  spacecraft  attitude  estimates.  Secondly,  in 
lieu  of  actual  transit  data,  simulated  transit  data 
la  generated.  Thua  the  simulation,  which  exists 
as  a  single  operational  computer  program,  en¬ 
compasses  both  the  major  hardware  and  software 
aspects  of  the  problem. 

Because  of  its  simplicity  and  non-iterative 
structure,  the  nonlinear  Kalman  filter  mechaniz¬ 
ed  to  process  transit  data  sequentially  in  time  is 
used  for  the  estimation  algorithm.  Sequential 
processing  of  transit  data,  as  opposed  to  batch 
processing,  provides  a  distinct  advantage  when 
applied  to  an  operational  system.  In  such  a  sys¬ 
tem  the  identification  of  stars  causing  the  transit 
is  in  Itself  a  formidable  problem  and  one  that 
must  be  solved  before  the  data  can  be  used  for 
attitude  estimation.  However,  after  an  Initial 
period  of  convergence,  the  attitude  estimates 
generated  by  the  sequential  estimation  provide 
the  necessary  information  to  perform  the  star 
identification  in  r  vallel  with,  rather  than  prior 
to,  the  estimation.  Two  formulations  of  the 
filter  are  mechanized  In  the  simulation  -  a  con¬ 
ventional  mechanization  and  the  so  called  "square 
root"  formulation  in  which  all  covariance  computa¬ 
tions  are  performed  with  the  square  root  of  the 
covariance  matrix  rather  thAn  with  the  covariance 
matrix  itself.  While  the  conventional  formulation 
and  the  square  root  are  analytically  equivalent  if 
additive  noise  is  not  considered,  numerical  errorb 
do  not  cause  the  covariance  matrix  to  become  neg¬ 
ative  definite  in  the  latter,  thus  circumventing 
one  formidable  problem  in  the  p-actical  applica¬ 
tion  of  the  filter. 

Estimation  of  vehicle  rates,  Kuler  angles, 
inertia  ration  and  magnetic  moment  and  eddy  cue- 
rent  coefficients  1b  possible  with  the  Simula*  :<>n 


V 


( 


The  following  paragraphs  provide  a  detailed 
description  of  the  system. 

Spacecraft  Model 

Vehicle  motion  and  orientation  are  described 
by  the  angular  rates  about  the  principal  body  axes 
and  Euler  angles  parameterizing  the  rotation 
sequence  from  inertial  to  body  coordinates.  A 
yaw,  roll,  pitch  sequence  given  by  rotations 

«//  about  the  inertial  z  axis 

$  about  the  first  displaced  x  axis 

8  about  the  second  displaced  y  axis 

Is  used  for  the  parameterization,  A  right-hand 
Inertial  coordinate  system  defined  by  the  x  axis 
pointing  toward  the  first  point  of  Arles  and  the 
z  axis  pointing  toward  Polaris  Is  assumed. 

These  variables  satisfy  the  first-order  non¬ 
linear  differential  equations: 

Ux  ■  [uy  Ux  (1  -  C)  +  Tx]/  A 

Uy  ■  C(i»x  (d2  (C-A)  +  Ty] 

uz  •  [wx  Uy  (A-l)  +  tz]/  C 
and 

* 

1 1/  ■  [-wx  sin  8+  ut  cos  6  3/  cos 

i  ■  v  cos6  +  u.  sin  8 
X  z 

8  ■  u  -  sin  d 

where  I,  V  represents  the  total  external  distur¬ 
bance  twque  acting  upon  the  spacecraft  and  A 
and  C  are  the  Inertia  ratios  Ij/Ij  and  Ig/Ij, 

Distinct  torque  models  are  employed  for  the 
generation  of  elmuJatod  transit  data  and  the  atti¬ 
tude  determination  data  reduction.  For  the  latter, 
the  two  moat  prominent  torques,  magnetic  mo¬ 
ment  and  eddy  current  {single  coefficient)  are 
Included  In  the  model.  For  the  former,  the  gra¬ 
vity  gradient,  solar  pressure,  aerodynamic 
pressure,  three  coefficient  eddy  current  and 
magnetic  moment  torques  are  modeled.  Ref.  1 
contains  a  detailed  description  of  these  torques. 

From  the  rotations  described  It  Is  seen  that 
a  vector  in  Inertial  space  is  given  in  body  co¬ 
ordinates  by  the  transformation 

5cB  -  0,  8)  Xj 

where 


(os  i  sss  *  •  sin  *  sin  a  sis  g> 

».  •  •  cos  •  am  » 

tin  •  «oe  S  *  «»•  tia  »  »m  ♦ 


cm  t  ns  +  e  ns,  t  sue  sees  * 
cos  4 cue  4 

am  I  sin  ■  ess  *  sin  •  iss  i k 


•am  e  (os  r| 
atn  s  | 

css  >  tea  s  J 


Figure  1  illustrates  these  rotations. 


ftscsn#  (Uplsted 
Flail 


Pull  diiplMid  a  ssi* 


Fig.  1.  Rotations  from  Inertial  to 
Body  Coordinates 


Since  In  practice  the  experimental  frame, 
defined  by  the  etarmapper  and  aun  senaor  Instru¬ 
ment*,  may  differ  from  the  desired  body  axes 
frame,  small  displacements  of  tills  frame  from 
the  body  frame  are  treated  by  the  Introduction 
of  the  following  eequence  of  rotation# 

c  j  about  the  z  body  axis 
c  j  about  the  flrat  displaced  x  axis 
c  g  about  the  aecond  displaced  y  axle 


Theee  relate  a  vector  In  body  coordinate#  to 
the  experimental  frame  by 


D  (( j»  *2»  S  j) 


where 


sos  i|  sss  1 1  •sit.  /|  sin  «| 
*  sss  <|  sis  s, 

Sift  ||  CM  t|  •  SM  ^  SIB  I  | 


•III  ^  SM  SUI  1 1  •  SIR 

SSS  «|  css  I 
IIS  I,  SU.  «|  SIS  I,  -  sss  l| 


Sift 

I 

•IS 


«» 


•  lift  l|  SSS  Ij 
•  ui  l| 

<04  4j  COS  l| 


It  is  noted  that  these  rotations  are  Identical  to 
those  relating  Inertial  to  body  coordinates. 

Orientation  of  each  atarmapper  or  sun  sen¬ 
sor  silt  la  specified  with  reaped  to  the  experi¬ 
mental  coordinate  frame  by  the  cant  angle  y  and 
slit  plaine  rotation  angle  0  about  the  optical  axis. 
Fig.  3  illustrates  the  orientation  of  a  given  elit. 
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The  geometry  ahowa  that  in  the  experimental 
frame  the  alit  normal  u  and  optical  axla  0  are 
the  fir  at  and  aecond  row  a  of  the  matrix,  respec¬ 
tively, 

"ooa  0  ain  0  aln  y  *  aln  0  coa  y 

B  ■  0  coa  y  ain  y 

aln  0  -coa  0  aln  y  coa  0  coa  y 

L- 

whereas  the  third  row  la  a  unit  vector  lying  In  the 
alit  plane  and  normal  to  u. 


Fig,  2.  Silt  Plane  Orientation 

A 

The  aenlth  vector  Z  from  the  center  of  the 
earth  through  the  apacecraft  la  epectfled  by  the 
uaual  orbital  parametere  -  longitude  of  the 
ascending  node  n,  inclination  £and  true  anomaly 
u  For  the  nominal  cate  defined  by  the  y  body 
axle  normal  to  the  orbital  plane,  the  Euler  anglee 
\b  and  d would  equal  {land  1*90*,  reepectlvely. 

The  geometry  la  llluatrated  in  Fig.  3. 

Measurement  Model 

Starmapper  and  sun  aeneor  tranalte  provide 
the  raw  data  from  which  apacecraft  attitude  ia 
deduced.  The  nonlinear  eatlmatlon  algorithms 
used  for  attitude  determination  require  that  these 
transit  measurements  be  modeled  analytically  to 
provide  a  measurement  error  at  the  time  of 
transit.  The  error  is  computed  as  the  difference 
between  a  predicted  measurement  value  and  the 
observed.  Since  at  a  transit  time  the  line  of 
sight  to  the  star  lies  in  a  plane  defined  by  the  ellt 
and  optical  axis  of  the  Instrument,  a  natural  mea¬ 
surement  model  to  employ  la  the  equation  which 
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atatea  that  the  projection  of  the  vector  along  the 
line  of  sight  to  the  atar  on  the  vector  normal  to 
the  alit  plane  vanishes  analytically, 

0  •  0  •  sB 

where  0  la  the  normal  to  the  silt  plane  and  3B 
the  star  vector,  both  In  body  axes.  In  view 
of  the  coordinate  transformations  described,  It 
ia  seen  that 

0  ■  BjD 

and 

S*a  =  E<t)S 


Thus,  the  measurement  model  which  follows  la 
the  scalar  form 

H(t)  ■  BjD  E(t)  § 

Thla  provides  a  measurement  error  at  a  transit 
time  given  by 

c(t§)  ■  0  -  ff  (t^) 

where  R  le  the  predicted,  generally  nonsero, 
value  of  the  measurement. 

Alternately,  the  time  at  which  a  transit  will 
occur  can  be  predicted  and  the  error  term  taken 
to  be  the  difference  of  the  predicted  and  measured 
time.  To  first  order  such  a  measurement  model 

te 

H'(t)  •  -H(i)/H(t) 


f, 


Both  models  are  Implemented  since  the  latter 
exhibits  a  nonzero  sensitivity  to  the  rate  vari¬ 
ables,  whereas  the  geometric  constraint  H(t) 
does  not, 

Beside  the  measurement  error,  the  filtering 
algorithms  require  the  variance  of  the  measure¬ 
ment.  This  is  derived  from  an  assumed  instru¬ 
ment  noise  o. .  For  the  time  constraint  model 
H  (t)  the  measurement  variance  Is 

4*  -(V  ixri)3 

while  for  the  geometric  constraint 

4  ■  °H  '  <***>’ 

Estimation  Algorithm 

Two  formulations  of  the  nonlinear  Kalman 
filter  are  mechanized  in  the  simulation  -  a  con¬ 
ventional  formulation  using  additive  noise  and  a 
square  root  formulation.  Both  state  estimation 
techniques  are  implemented  to  process  transit 
data  sequentially  in  time  and  as  such  can  be 
conveniently  stated  in  two  parts  (Ref,  3),  Be¬ 
tween  transit  measurements,  the  state  and  con- 
variance  are  extrapolated  by  a  numerical  solu¬ 
tion  of  the  differential  equations  which  desortbe, 
in  some  sense,  their  motion.  At  a  transit  mea¬ 
surement,  both  the  extrapolated  state  and  co- 
variance  are  extrapolated  by  a  numerical  solution 
of  the  differential  equations  which  describe,  in 
some  sense,  their  motion.  At  a  transit  measure¬ 
ment,  both  the  extrapolated  state  and  covariance 
are  updated  using  the  Kalman  estimation  formula 
appropriate  to  the  formulation.  For  state  extra¬ 
polation,  a  variable  time  step,  variable  order 
(second,  third,  or  fourth)  Runge-Kutta  numeri¬ 
cal  integration  in  used  to  solve 

*  -*#>.  S(t,) 

Covariance  extrapolation  is  accomplished  by  a 
variable  time  otep  second-order  Euler  integra¬ 
tion.  In  the  mechanization  of  the  conventional 
estimation  formulation  covariance  is  extrapolated 
by  a  numerical  solution  of 

P  ■  PfJ  +  fjjP+Qi  ?(t8)  •  Pa 

where  Q  is  an  n  x  n  diagonal  '’noise"  matrix, 
determined  empirically  to  prevent  the  covariance 
from  becoming  negative  definite.  At  a  transit 
measurement  the  stato  and  covariance  are  up¬ 
dated  with 

*a  1 


and 


*»xPb 


where  the  gain  vector  K  le 


K-PbHj/(HxPbHj  +  ^) 

W  ttii  the  square  root  formulation  (Wef .  3)  the 
covariance 

P  ■  WWT 


Ib  updated  implicitly  by 

Wft(e)  -Wb(s)  -  c  R  g 

where 

gT  -wj  <s)R* 

c  ■  [1  +  oH  +MT>"1/23'1 

with  the  gain  given  by 

K  <s>gW  +  4) 

The  covariance  le  propagated  from  transit 
to  transit  by 

Wb  (a)  ■  Me,s-l)Wa(s-l) 

whsra  W  (s-1)  is  the  "after '  update  covariance 
from  thefy'svloue  transit  and  wb(s)  la  the 
"before"  update  for  the  current  transit  and 
♦(s,  s-1)  is  determined  by  numerical  solution  of 

♦  (k.k-1)  •  fx(tk)  *  (k.k-1),  «  (k.k)  -  I. 

It  is  noted  that  initial  conditions 

P(tQ)  ■  PQ  (diagonal) 


or 

W(tD) 

are  assumed. 
Transit  Time  Model 


In  lieu  of  aotual  transit  data,  simulated 
hardware  outputs  in  the  form  of  a  sequence  of 
transit  time  pulses  from  the  stormapper  and 
sun  sensor  are  employed  in  the  data  reduction 
algorithms. 

The  generation  of  simulated  slarmapper  and 
■  ur  sensor  outputs  requires  a  simulation  of  con¬ 
siderable  complexity.  Its  output!  are  a  series 
of  time  values  representing  the  tlmeo  at  which 
the  Images  of  various  stars  or  the  sun  cross 
slits  in  the  focal  planes  of  the  respective  Instru¬ 
ments  as  the  instruments  are  scanned  across 
the  celestial  sphere  by  the  spacecraft'  t  motion, 
The  situation  is  illustrated  in  Tig.  4.  It  le  seen 
that  each  trsnslt  ie  characterized  by  the  follow¬ 
ing  conditions. 

The  line  of  sight  to  the  celestial  body  caus¬ 
ing  the  transit  Ilea  in  a  plane  defined  bv  the  optical 
axle  of  the  Instrument  snu  the  silt,  or 

Cij  .  S  -  0 


Fig.  4.  Transit  Geometry 


which  states  that  the  normal  to  the  allt  plane  0, 
ia  perpendicular  to  the  atar  (aun)  vector  S  at  1 
the  inatant  of  transit. 

The  celestial  body  must  lie  within  the  field 
of  view  (fov)  of  the  Instrument,  analytically 
given  by 

-fovs  2  cos"1  (6j  •  &)  £  fov 

This  states  that  the  angle  subtended  by  the  star 
vector  and  the  optical  axis  6,  la  less  than  half 
the  fov  of  the  sensor.  The  cmlestlal  body  must 
not  be  blooked  by  the  earth,  or 

s  *  i.  t  cos  r 

This  earth  blocking  condition  is  expressed  In 
torma  of  the  senlth  vector  Z  through  the  vehicle 
and  the  earth  blocking  angle  I*,  which  defines 
the  visible  region  of  the  celestial  sphere  not 
obacured  by  the  earth. 

Since  the  simulated  sequence  of  transit 
times  must  deptot  a  "real  world"  situation,  all 
five  torques  described  in  Ref.  1  are  normally 
included  in  the  spacecraft  model.  The  resulting 
complexity,  of  courao,  precludes  a  closed-form 
solution  of  the  equations  and  requires  an  iterative 
technique  to  determine  the  times  of  transit,  Iter¬ 
ation  is  accomplished  as  follows  --  a  refersncs 
solution  of  the  spacecraft  equations  of  motion  la 
established  at  evenly  opaoed  time  Increments  by 
numerical  integration.  Fourth  order  Runge- 
Kutta  ia  used.  Once  per  spacecraft  rotation 
crude  estimates  are  made  of  all  transit  times 
which  will  occur  In  the  next  spin  period,  The 
crude  estimate  is  determined  by  solving  the 
equation  of  motion  of  the  slit  normal 


assuming  a  constant  rate  w,,  This  equation  Is 
integrated  numerically  by  1  trapezoidal  rule. 
The  integration  ia  terminated  when  the  Newton 
Raphson  integration  step 


S  •  U. 

At  -  - - f - ~ 

§  •  (ti)j  X  0j) 

becomes  sufficiently  small  for  a  solution  U.  at  a 
teat.  As  the  reference  solution  is  generated,  the 
crude  time  estimates  are  refined  by  the  same 
procedure  over  shoruned  time  spans.  Space¬ 
craft  attitude  is  evaluated  at  each  refined  esti¬ 
mate  and  an  ostlmate  is  accepted  as  a  transit  on 
the  condition 

Itij*  Sl<  «• 

for  an  arbitrary  tolerance  *' . 

On-Line  Analysis 

To  expedite  analytical  studies  with  the  simu¬ 
lation,  an  on-line  analysis  capability  utilizing 
the  cathode  ray  tube  (CRT)  display  is  used.  This 
feature  is  mechanized  so  that  all  variables  of 
interest  are  available  for  display  during  a  simu¬ 
lation,  Beside  the  basic  display  capability  con¬ 
siderable  simulation  control  is  exercised  through 
the  CRT  by  light  pen. 

Speolflo  on-line  control  functions  provided 
by  the  light  pen  are:  1)  initiation  of  a  simulation, 
2)  the  capability  to  change  variables  for  display 
by  selection  from  a  displayed  directory  of  vari¬ 
able  names  with  the  light  pon,  3)  the  capability 
to  Interrupt  the  simulation  at  any  time  during  the 
course  of  a  run  whereupon  all  variables  may  be 
observed  or  parameter  ohanges  may  be  Input 
into  the  simulation,  and  4)  a  case-to-oase  dis¬ 
play  capability  permitting  the  superposition  of 
variables  from  different  simulation  cases. 

Fig.  B  illustrates  the  display  format,  showing 
the  display  directory,  plotted  simulation  variable, 
and  light-pen  control  mechanisation.  Other  fea¬ 
tures  Incorporated  in  the  display  are  automatic 
soaling  and  variable  display  window  length  for 
modifying  the  resolution  of  displayed  variables. 

Parameter  changes  necessary  for  case -to- 
case  studies  may  be  Input  into  the  system  via 
teletype  at  the  beginning  of  a  simulation. 

As  Implemented  the  display  provides  an 
extremely  versatile  and  powerful  on-line  analy¬ 
sis  tool,  enabling  rapid  engineering  decisions 
to  be  made  on-line  and  allowing  complete  moni¬ 
toring  of  the  entire  simulation. 

SIMULATION  RESULTS 

in  the  following  paragraphs  simulation  re¬ 
sults  are  presented  which  are  intended  to  provide 
insight  into  the  performance  of  the  attitude  de¬ 
termination  system  which  has  been  described. 
Some  problems  in  the  estimation  of  inertia 
ratios  are  delineated  and  results  given  showing 
attitude  acouracy  as  a  unction  of  number  of 
celestial  sightings  per  vehicle  spin  period,  as 
a  function  of  instrument  noise,  and  as  a  function 
of  Instrument  noise  uncertainty. 
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Fig.  8.  CRT  Display 


It  ia  noted  from  the  Initial  conditions  that 
the  vehicle  is  spinning  at  approximately  three 
rpm,  ia  miaallgned  with  respect  to  the  orbit 
plana  by  approximately  2,  6  deg  and  haa  a  cone 
angle  of  0.  8  deg. 

The  atarmapper  ia  characterized  by  the 
cant  angle 

Tatar  "  110  d*« 
and  the  alit  plane  rotatlona 

Pj  »  *20  deg,  P2  »  0  deg,  P3  ■  20  deg 
the  sun  aeneor  by 

yaun  "  46  d,g'  ^4  *  'ao  d,*»  and  ^5  "  20  d,g 

A  30-deg  fovis  assumed  for  each  instru¬ 
ment.  A  star  catalog  consisting  of  the  first 
one-hundred  brightest  star*  (limiting  "visual" 
magnitude  of  2.  74)  is  used. 

For  the  data  reduction  simulations  initial 
condition  errors  for  rates  and  Euler  angles  are 

taken  as 


Transit  data  for  these  simulations  is  de¬ 
scribed  by  the  following  spacecraft  initial  con¬ 
ditions  and  parameter  valuest 

u>  »  <0.2004  deg,  18  deg,  0)/sec 

l p  *  48  deg 

0  ■  19U  deg 

6  ■  82  deg 

I,  •  84.  68  slug-ft2 

Ij  •  68.  62  slug-ft2 

13  •  84.  38  slug-ft2 

SJ  •  (0.816)  10'B  ft-lb/Q 

K  •  (0.143)  10'4  ft-lb-sec/0S 

All  five  torques  are  included  in  the  model. 
Orbital  parameters  used  aret 

Q  ■  48  deg 

i  ■  07.  38  deg 

vQ  »  86  deg 

a  ■  0 

sun 

fl  ■  0 
utun 

with  a  circular  orbit  assumed. 


Au  »  (0.2064  deg,  -0.1  deg,  >0.1  deg)/sec 
A\j/  «  0.  8  deg 
A0  >1  deg 
A8  ■  -1  deg 

These  values  are  arbitrarily  chosen  since 
initial  condition  errors  have  a  negligible  effect 
on  the  steady- state  errors.  Although  the  error 
limits  from  which  convergence  can  be  obtained 
are  not  completely  defined,  convergence  from 
5- deg  errors  in  pitch  (6)  is  possible.  Other 
vehicle  parameters  values  for  the  data-reductlon 
simulations  are 

•  (o.  ,o.  ,0) 

and 

K  «  (0. 2)10’4  ft-lb-sec/Q2 

Thus,  for  estimation  purposes  no  knowledge  of 
the  spacecraft  magnetic  moment  characteristics 
is  assume*,  and  the  eddy  current  coefficient  is 
grossly  in  error.  Estimation  of  these  param¬ 
eters  is  possible  with  the  system.  However, 
the  aoeuraoy  to  which  it  is  possible  to  estimate 
these  parameters  is  as  yet  an  unresolved  ques¬ 
tion.  Consequently,  the  above  values  are  used. 


Inertia  Ratio  Determination 


In  an  operational  environment,  it  can  be 
assumed  that,  initially  at  least,  the  spacecraft 
principal  moments  of  inertia  will  not  be  known 
with  sufficient  precision  to  permit  accurate 
extrapolation  of  the  spacecraft  equations  of 
motion.  Thus,  estimation  of  the  inertia  ratios 
will  have  to  be  performed  using  the  algorithms 
discussed.  The  following  paragraphs  describe 
simulation  experiments  undertaken  specifically 
to  obtain  estimates  of  these  parameters. 

Results  of  a  first  cut  at  the  estimation  of 
the  inertia  ratios  are  shown  in  Figure  6,  where 
the  errors  in  A,  p,  <t>,  and  6  labeled  DA,  DPSI, 
DPHI,  DTHETA,  respectively,  are  plotted.  Al¬ 
though  the  errors  are  converging  at  the  termi¬ 
nation  of  the  simulation,  these  results  are  not 
satisfactory  for  the  mission  being  simulated. 

For  this  mission  the  spacecraft  is  in  the  earth's 
shadow  slightly  less  than  2000  seconds;  conse¬ 
quently,  it  is  desirable  to  obtain  good  conver¬ 
gence  in  this  period  of  time.  The  poor  perfor¬ 
mance  exhibited  by  the  filter  in  this  simulation 
is  due  primarily  to  the  relatively  large  updates 
experienced  by  the  inertia  ratios  A  and  C  at  the 
first  few  transit  measurements.  As  seen  from 
Figure  6,  the  update  is  not  only  large  but  incor¬ 
rect  in  sign.  This  is  not  too  surprising  since 
the  initial  measurement  error  primarily  reflects 
the  large  initial  uncertainties  in  attitude  and  not 
the  uncertainty  in  inertias.  Since  the  initial 
rorrections  are  proportional  to  the  initial  as¬ 
sumed  variance  values,  this  problem  can  be 
controlled  by  suitably  modifying  the  variances 
on  A  and  C.  However,  such  an  approach  is  un¬ 
desirable  since  it  is  initial  condition  dependent, 
and  by  reducing  the  initial  variances  on  A  and 
C  the  sensitivity  of  the  filter  to  uncertainties 
in  the  inertias  may  be  lost. 


Fig.  6.  First  Cut  Inertia  Ratio  Estimation 
Results.  (Euler  Angle  Units  are 
Arc  Seconds)  --  Continued 


Fig.  6.  Continued 


Fig.  6.  First  Cut  Inertia  Ratio  Estimation 
Results.  (Euler  Angle  Units  are 
Arc  Seconds) 


Alternately,  estimation  of  these  parameters 
can  be  initiated  at  some  time  later  than  the  time 
at  which  estimation  of  the  vehicle  rates  and  atti¬ 
tude  is  initiated.  With  this  approach,  the  objec¬ 
tive  is  to  obtain  convergence  to  a  measurement 
error  which  is  primarily  due  to  the  uncertainty 
in  the  inertia  values.  Results  of  two  simulations 
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using  this  approach  are  shown  in  Figures  7  and  8 
where  errors  in  A,  \f/,  0,  6  are  plotted  for  two 
values  of  initial  uncertainty  in  A  and  C  (not 
shown).  The  first  200  seconds  of  the  simulation 
are  not  plotted  to  permit  a  better  choice  of  scal¬ 
ing.  The  results  indicate  the  virtue  of  this 
approach. 

For  comparative  purposes,  it  is  noted  that 
the  Simulations  illustrated  in  Figures  6  and  7  are 
identical  in  every  respect  except  for  the  time  at 
which  the  estimation  of  the  inertia  ratios  was 
initiated. 


Fig.  7.  Inertia  Ratio  Estimation  Results, 
AA  =  0.  0025  --  Continued 
o 


Fig.  7.  Continued 


Fig.  7.  Inertia  Ratio  Estimation  Results, 

AA  =  0.  0025 
o 


Fig.  8.  Inertia  Ratio  Estimation  Results, 

AA  =  0.011  --  Continued 
o 
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Fie.  8  Continued 


Fig.  8.  Inertia  Ratio  Estimation  Results, 

AA  =0.011 
o 


Celestial  Sighting  Results 

Because  of  the  impact  upon  onboard  data 
storage  requirements  and  sensor  detection  limits, 
attitude  accuracy  as  a  function  of  the  number  of 
celestial  sightings  per  vehicle  spin  period  is  an 
extremely  critical  design  parameter.  Results  -• 
of  simulations  undertaken  to  evaluate  this  for 
instruments  of  varying  quality  are  presented  in 
Figures  9  through  11.  These  graphs  show  the 
mean  n  and  standard  deviation  o  about  the  mean 
of  the  errors  At//,  A <t>,  and  A 0  respectively, 
plotted  as  a  function  of  instrument  noise  Oj. 

Two  values  are  presented  for  each  statistic. 

These  represent  the  error  before  and  after  state 
is  updated  by  the  transit  measurement  and  thus 
are  plotted  as  the  upper  and  lower  limits  of 
error  bands.  The  larger  error  values  are  from 
simulations  using  approximately  three  celestial 
sightings  per  vehicle  spin  period  while  the 
smaller  use  approximately  six.  Limiting  star 
magnitudes  of  1. 7  and  2.  5  are  used  in  the  two 
cases.  It  is  noted  that  for  these  simulations 
six-state  estimation  (w,  \f/,  0,  0)  is  used  with 
values  of  the  inertia  ratios  determined  by  the 
convergence  demonstrated  in  Figure  7. 


Two  points  worthy  of  mention  in  these  re¬ 
sults  are  that  the  pitch  (0)  error  is  significantly 
smaller  than  the  roll  and  yaw  errors  and  that 
attitude  errors  are  not  linear  functions  of  instru¬ 
ment  noise.  The  first  is  observed  in  all  simu¬ 
lation  results  and  is  due  to  the  higher  sensitivity 
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9,  (ARC  SECONDS) 

Fig.  9.  Error  in  Yaw, 


9,  (ARC  SECONDS) 


Fig.  10.  Error  in  Roll,  0 


I 


¥ 


i 


i 


i 


i 


\ 


I 

( 

i 

i 


( 

i 

f 


i 


i 

f 


( 

V. 


! 


t 

! 

i 


( 


i 


Fig,  11.  Error  in  Pitch,  S 


of  th*  measurement  error  to  error*  in  pitch. 

The  aecond  1>  due  to  uncertatntlei  cauaed  by  un- 
modaled  torque*  and  inertia  ratio  error*. 

Instrument  Nol*a  Uncertainty 

Bealde  almpliclty  of  Implementation,  the 
explicit  appearance  of  the  measurement  statistic* 
in  th*  estimation  aquations  provides  a  strong 
motivation  for  the  selection  of  the  Kalman  filter 
over  such  techniques  as  least  squares  fitting  to 
solve  the  attitude  determination  problem,  How¬ 
ever,  In  practice  the  noise  level  of  the  Instru¬ 
ment  under  operational  conditions  may  not  be 
known  precisely.  Thus,  it  can  be  expected  that 
the  estimation  will  be  degraded  by  the  us*  of  a 
value  of  instrument  variance  which  does  not 
represent  the  measurement  error. 

Normalized  simulation  results  are  presented 
in  Figure  12  which  demonstrate  the  effect  of 
Instrument  noise  uncertainties.  Normalized 
attitude  errors  are  shown  for  two  values  of 
actual  instrument  orror.  It  Is  encouraging  to 
note  that  the  minimum  variance  value  generally 
occur*  at  the  point  where  the  assumed  variance 
equals  the  acturi,  or  In  the  case  of  the  pitch 
error  for  Oj  ■  10,  is  not  significantly  different 
than  the  minimum  value.  These  results  indicate 
that  in  an  operational  data  reduction  -'yetem  it  is 
safer  to  underestimate,  rather  than  overestimate, 
the  quality  of  the  Instrument. 

amMAfty 

Simulation  results  presented  In  th*  preceding 
section  show  th*  attitude  accuracies  possible 
with  a  spin-stabilized  (3  rpm)  spacecraft  and 
demonstrate  the  capabilities  of  the  attitude  de¬ 
termination  system  simulation  described  earlier. 
From  ths  standpoint  of  meeting  the  simulation 
design  requirements  stated  In  the  Introduction 
of  the  paper  it  1*  noted  that  the  estimation  algo¬ 
rithms  and  computer  programs  used  In  the  simu¬ 
lation  execute  on  the  CDC  8800  computer  In  from 
10  to  20  times  faster  than  real  time,  depending 
upon  the  dimension  of  the  estimation  state.  Thus, 


Fig.  12.  Noise  Uncertainty  Results 


they  provide  the  basis  for  an  operational  data  I 

processing  system.  Further,  as  an  analysis 
system,  all  system  parameters  are  treated  as  [,{ 

simulation  variables  and  can  be  readily  varied  I 

for  design  studies.  The  on-line  analysis  capa-  ; : 

bility  implemented  In  the  Byotem  provides  instant 
access  to  simulation  results  and  permits  com¬ 
puter  turnaround  not  possible  with  other  Input/ 
output  media.  !■ 

Th*  basic  contract  (Ref.  4)  accuracy  design  ! 

?oal  Is  15  arc  seconds  (3  sigma)  in  pitch  and 
00  arc  seconds  in  each  of  the  other  two  ortho¬ 
gonal  axes.  The  simulation  results  Indicate 
that  there  is  little  difficulty  in  meeting  the  latter 
goal.  However,  the  pitch  requirement  is  much 
more  difficult  but  can  be  achieved  with  3-6  arc 
second  (1  sigma)  instruments  capable  of  sensing 
three  to  six  stars  per  vehicle  spin  period. 
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TACSAT  MISSION!  GENERAL 

The  TACSAT  Military  Communication* 
Satellite  la  a  large,  spinning  spacecraft  built  on 
theCyrustat  stabilisation  principle.  Hughes 
Aircraft  Company  designed  and  built  the  satellite 
under  the  auspices  of  the  Air  Force  for  tactical 
communications  experiments  in  both  the  UHF 
and  SHF  bands.  Under  contract  to  the  Air  Force, 
Hughes  has  supplied  in-orbit  control  support 
since  the  successful  launch  In  February  1969, 

TACSAT  la  in  synchronous,  equatorial  orbit 
with  Its  spin  axle  directed  along  the  orbit  normal, 
close  to  the  direction  of  the  earth's  north  polar 
axis.  This  orientation  is  critical  to  mission 
performance;  the  despun  communication  antsn- 
naa  have  only  sast-wsat  or  aaimuth  freedom 
(by  virtue  of  the  despun  control  system)  and 
depend  on  control  of  spacecraft  spin  axis  orien¬ 
tation  for  north- south  control. 

The  spacecraft  and  ite  communications 
repeater  are  designed  to  support  an  experimen¬ 
tal  military  communication  test  program  Involv¬ 
ing  small,  low-performance  ground  stations  for 
eventual  triservice  use.  The  primary  purpose 
of  these  teats  is  to  dlemonstrate  the  feasibility 
of  satellite  communications  using  very  small  to 
medium- sited  terminals  and  to  further  detine 
ground  station  and  spacecraft  requirements  for 
a  future  operational  mission. 

The  experimental  communication  environ¬ 
ment  is  characterised  by  several  simultaneous, 
direct  links  to  and  from  low-parformanre  ground 
stations  operating  in  two  radio  frequency  bands 
(UHF  and  SHF).  The  large  communication 
repeat  era  required  for  this  program  era  a  direct 
consequence  of  the  multtlink  mission  and  limited 
ground  station  performance. 

In  addition  to  the  experimental  ground 
terminate,  which  will  be  operated  under  simu¬ 
lated  field  conditions,  the  communications  experi¬ 
ments  are  supported  using  a  large  terminal  with 
both  UHF  and  SHF  capability,  'rai*  high- 
performance  ground  terminal  (located  at 
Camp  Parks,  California)  is  used  for  quantita¬ 
tive  measurements  of  satellite  communication 


performance  for  correlation  with  field  test 
results.  Support  activities  at  Camp  Parka  are 
currently  scheduled  to  extend  through  3  years 
of  satellite  orbital  life. 

SATELLITE  CONFIGURATION 

Figure  1  show*  a  cutaway  view  of  the  space¬ 
craft  illustrating  all  primary  subsystem  hard¬ 
ware.  As  indicated,  the  mission  requirements 
have  been  implemented  using  a  dual  spin  config¬ 
uration  utilising  the  spinning  rotor  angular 
momentum  to  stabilise  the  spacecraft  in  pitch 
and  yaw  (axes  normal  to  vertical  cylinder  sxls) 
and  employing  despin  control  to  point  a  pre¬ 
ferred  axis  in  the  despun  section  toward  earth. 

The  satellite's  communication  antsnnas  are 
mounted  on  the  despun  section,  allowlng  ths 
utilisation  of  psncil-bsam  (high-gain)  antenna 
pattern*  necessary  to  mast  th*  very  high  com¬ 
munication  power  (ERP)  and  rscslvs  sensitivity 
requirements  assoclstsd  with  the  experimental 
communication  mission.  Figure  2  is  a  repre¬ 
sentation  of  the  total  spacecraft. 

Th*  design  of  the  spacecraft' •  attitude 
ainsor.'j  (sun  and  earth)  utilise  ths  rotor  spin  to 
provide  a  built-in  scan  and  allow  ths  us*  of 
simple  fixed  seniors  with  no  moving  parts.  Simi¬ 
larly,  th*  execution  of  all  required  propulsive 
maneuvers  can  b*  accomplished  using  two  fixed 
*tf  (axial  and  radial)  pulsed  over  a  selected 
by  command)  segment  of  the  rotor  spin  cycle. 

In  addition,  the  rotor  spin  provide*  an  artificial 
(centrifugal)  gravity  field  maintaining  th*  HjOj 
liquid  propellant  in  th*  tanks  at  th*  orifice  loca¬ 
tion,  which  avo.ds  the  problem*  associated  with 
handling  liquids  in  a  ssro  g  environment.  Th* 
arrangement  of  the  attitude  control  and  station- 
kssping  hardware  is  shown  in  Figure  3.  Four 
earth  sensors  end  two  sun  ssnsorc  ars  pruvlded 
where  on*  of  each  is  sufficient  to  support  all 
critical  functions.  In  addition,  the  RC3  subsys¬ 
tem  incorporate*  two  completely  independent 
propulsion  system*  with  th*  ^n-board 
propellant  in  either  system  sufficient  to  complete 
the  mission  ore*  station  acquisition  has  bean 
achieved.  Figure  4  and  9  show  th*  TACSAT  sun 
soruor  end  ssrth  sensor  units. 
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Figure  l.  Satellite  Configuration 


DIRECTION  Of  SPIN 


Figure  3.  Attitude  Control  Hardware 


Figure  4.  Sun  Sensor 
(Photo  ES  00057) 


Figure  5.  Earth  Sensor  Assembly 
(Photo  ES  00314) 
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ATTITUDE  CONTROL* 

A  dual-apin-etabilieed  spacecraft  will 
maintain  ita  spin  axis  fixed  with  reaped  to 
Inertial  apace  in  the  abaence  of  external  torque*, 
in  accordance  with  the  law  of  coneervatlon  of 
angular  momentum.  Since  detailed  diacueeion 
of  the  dynamic*  of  the  dual- spin- stabilised  con¬ 
figuration  ie  not  called  for,  only  a  brief  descrip- 
tion,  with  emphaet*  on  the  control  aepecte,  1* 
presented  here  for  completeness. 

The  hydrogen-peroxide  control  system  con¬ 
sists  of  two  sets  of  body-fixed  axial  and  radial 
jets.  The  radial  jets  fire  outward  at  an  angle 
of  26  degrees  to  the  spin  plane.  The  spacecraft 
center  of  gravity  (eg)  can  be  varied  such  that  the 
radial  Jets  may  or  may  not  fire  through  the  eg, 
as  dictated  by  maneuver  requirements.  The  jets 
are  pulsed  in  synchronism  with  the  spin  speed, 
which  allows  velocity  only  or  eimulteneoua  velo¬ 
city  and  attitude  correction*  to  be  performed  on 
the  vehicle  (see  Figure  6). 

The  axial  Jets,  aligned  parallel  to  the  spin 
axis,  are  mounted  near  the  periphery  of  the 
spacecraft.  In  performing  a  reorientation 
maneuver,  a  precession  torque  is  applied  to 
the  spinning  spacecraft  by  one  of  the  body-fixed 
axial  jets,  which  is  pulsed  in  synchronism  with 
the  spin  speed  over  a  given  sector  of  the  spin 
cycle  (Figure  7),  In  accordance  with  Newton's 
second  law  of  (angular)  motion, 

T  ■  (d/dt)H  ■  wXH  |H|  a  const 


where  T  is  the  applied  torque  vector,  H  is  the 
angular  momentum  vector,  and  w  is  the 


precession  rate  vector.  In  this  pulsed-jet 
method  of  generating  torque,  the  vectors  T.  H, 
and  cj  are  mutually  perpendicular. 

It  can  be  shown  that  the  nutation  induced  by 
the  axial  jet  during  the  pulelng  mode  is  small 
for  a  reasonable  rotor  spin  speed  (~55  rpm)  and 
the  TACSAT  inertia  configuration.  Thus,  for  all 
practical  purposes,  the  motion  of  the  geometric 
epin  axis  follows  that  of  the  angular  momentum 
vector  during  the  precession  process. 

The  reference  signal  for  synchronous  puls¬ 
ing  is  obtained  from  the  earth  sensor.  Knowledge 
of  the  spacecraft  orbital  elements  is  sufficient 
to  generate  spin  phase  Information  for  the  axial 
and  radial  jets.  Thus,  with  very  simple  space¬ 
craft  sensor  instrumentation  and  body- fixed 
thrusters,  both  attitude  and  velocity  control  are 
provided. 

TACSAT  ATTITUDE  DETERMINATION 
REQUIREMENTS 

Pointing  errors  directly  affect  communica¬ 
tion  performance  through  a  reduction  of  the 
earth  coverage  antenna  gain,  thereby  lowering 
the  ERP  -1/2  dBw  per  degree  (Figure  6).  Since 
the  spacecraft  is  essentially  in  a  circular  syn¬ 
chronous  equatorial  orbit,  pointing  errors  may 
be  resolved  into  north- south  (latitude)  and 
eaet-weet  (longitude)  components  (Figure  9). 
North-south  error*  are  caused  by  the  following: 

•  Attitude  measurement  errors 

•  Antenna  mirror  to  bearing  and  power 
transfer  assembly  mechanical  spin  axis 
perpendicularity 


*See  Reference  1. 
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•  Antenna  electrical  boreeight 

•  Antenna  boreeight  variation 

•  Dynamic  unbalance 

•  Bearing  and  power  tranefer  aeeembly 
mechanical  axi*  wobble  (runout) 

•  Attitude  deadband 

•  Reaction  control  eyatem  execution  errore 

Error  i  in  the  east-weat  direction  generally  reeult 
from  two  eourcee: 

•  Inaccuraclee  in  detection  of  deepin  point¬ 
ing  error  due  to  manufacturing  tolerancee 

e  Noise  input  to  eervo  loop 

In  addition  to  theee  efiecte,  the  attitude  of 
the  epacecraft  cannot  be  maintained  to  that  the 
angular  momentum  vector  i*  alwaye  perpendicu¬ 
lar  to  the  earth- eatellite  line.  Thie  ia  due  to 
two  cauaea:  1)  attitude  meaaurement  and  control 
inaccuraclee,  and  2)  aecular  variation*  in  the 
angular  momentum  vector  due  to  eolar  torque 
dleturbancea. 

To  meet  platform  pointing  accuracy  require- 
mente  of  0.  6  degree  eaat-weet  and  1  degree 
north- touth,  attitude  determination  accuracy  on 
the  order  of  0.  1  degree  ia  required.  In-flight 
data  indicate*  that  tnie  accuracy  ha*  bean 
eaeily  achieved  even  under  worat  cate  geo¬ 
metrical  condition*. 

ATTITUDE  DETERMINATION  PROBLEM 

To  thia  point,  no  dletlnctlon  between  the 
epacecraft  mechanical  epln  axle  (1.  e, ,  despin 
bearing  ax'  j)  and  the  total  epacecraft  angular 
m  mentum  vector  ha*  been  mad*.  The  differ¬ 
ence  le  a  subtle  but  very  important  on*.  The 
average  epacecraft  epln  vector  lie*  along  the 
angulai  momentum  vector  which  may  be  regarded 
a*  constant  in  inertial  space  (over  short  periods 
of  time).  However,  a  multitude  of  effects  may 
cauee  the  rotor  mechanical  spin  axis  to  deviate 
from  thie  direction. 

Nutation  i*  the  coning  motion  of  the  boaring 
axis  around  the  momentum  vector  caueed  by  a 
transverse  torque.  A  nutation  damper  is 
mounted  on  the  antenna  tower  to  cauee  such 
tranalent  motion  to  decay.  Wobble  1*  the  spin 
frequency  coning  caused  by  the  center  of  gravity 
not  lying  on  the  epln  axi*  or  by  rotor  cross 
product*  of  Inertia.  Higher  frequency  deviation* 
are  caused  by  bearing  runout.  For  true  three- 
axis  dlfinitlon  of  spacecraft  orientation,  each  of 
these  effect*,  »nd  other*,  nrrtst  be  considered  in 
detail.  Howsver,  the  magnitude  of  these  offset* 
(<0.  02  degree)  in  steady-state  operation  1*  email 
enough  to  be  neglected  for  the  earth  coverage 
TACSAT  mission. 


It  can  be  argued  that  the  average  direction 
of  the  mechanical  spin  axis  is  along  the  angular 
momentum  vector.  Hence,  in  determining  the 
angular  momentum  vector  direction,  many 
individual  sensor  readings  will  "average  out"  in 
the  leaet  squares  fit.  This  was  demonstrated 
during  periods  of  TACSAT  nutation. 

Estimation  of  the  angular  momentum  direc¬ 
tion  alone  is  not  enough  however,  since  other 
unknown*  enter  the  problem.  Solar  radiation 
pressure  introduces  a  disturbance  torque 
resulting  in  a  steady  precession  of  the  spin  axia 
direction.  Thus,  analogous  to  orbit  determina¬ 
tion,  the  epln  axis  direction  ie  estimated  at 
some  point  in  time.  Certain  coefficients  of  the 
solar  torque  equations  of  motion  also  must  b* 
estimated  (similar  to  geopotential  coefficients 
in  orbit  determination).  Finally,  the  attitude 
eeueors  may  have  constant  biases  in  their 
alignment  and/or  their  electronic  response  which 
introduce  data  bias  error*.  These  biases  must 
be  estimated. 

SUN  SENSORS 

The  TACSAT  takes  advantage  of  its  rotor 
spin  (~35  rpm),  which  allows  simple,  nr,n  • 
articulated  aaneora  to  be  scanned  in  a  con* 
about  the  spacecraft  spin  axis.  Earth  and  sun 
sensors  are  used  that  allow  immediate  deter¬ 
mination  of  inertial  orientation  by  measuring 
the  co-elevation  between  the  spin  axia  and  the 
two  celestial  reference  bodies. 

The  sun  eensora  are  identical  to  those  flown 
on  previous  Hughes  synchronous  spacecraft 
(see  Reference  2),  The  sensor  ia  composed  of 
two  photo-voltaic  elements,  each  mounted  behind 
a  separate  slit  aperture  (see  Figure  4).  Each 
slit  allow*  a  fan-shaped  field  of  view.  The 
primary  slit  1*  mounted  such  that  the  plane  of 
its  field  of  view  contains  the  spin  axle,  while  the 
second  slit  is  twisted  33  degrees  about  a  radial 
line  through  the  first.  Thus,  the  angular  differ¬ 
ence,  ♦  g,  between  receipt  of  a  sum  pule*  from 
each  slit  is  related  to  the  coelevation  of  the  sun, 
*s,  by  the  following  ephericsl  trigonometric 
relationship  (see  Figuro  10). 

cot  *  cot  £  sin  (1) 

where 

*  angle  between  epii.  axia  and  tun  line 

*2  ■  angular  separation  of  two  elit  crossing* 

t  «  cant  angle  between  elite 

While  all  Hughee1  slit-type  eun  tensors 
flown  to  date  have  been  canted  at  (  »  35  degrees, 
It  1*  non*  the  lee*  Interesting  to  discus*  the 
tradeoff*  mad*  in  eelecting  this  angle.  By  Inter¬ 
secting  the  plan*  formed  by  each  slit  with  a  unit 
sphere  cantered  at  the  epacecraft,  the  two 
resulting  great  circle*  may  be  drawn  on  a  pro¬ 
jection  of  the  sphere,  a*  shown  in  Figure  lie. 
Neglecting  sensor  phyilcal  characteristic*  end 
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a)  Projection  of  Sun  Senior  Silt  Geometry  on 
Unit  Sphere 


b)  Geometry  of  Sun1*  Path 
Acroee  4>  2  Silt 


Figure  11.  Sun  Senior  Slit  Geometry 


minion  requirement!,  £  ii  to  be  choien  10  as 
to  maximise  the  eeniltlvlty  of  :he  data,  1  to 
the  coelevatlon  angle,  df.  That  ii,  the  deriva¬ 
tive  of  *2  with  reipect  to  dt  ihould  bo  maxi- 
miied  with  (u  a  parameter.  Immediately,  from 
Equation  1, 


-tan  £  iee  cic  t>  (2) 

a$(  2  ■ 

Ai  ii  expected  intuitively,  £  «  d»  maximiaei 
Equation  2  with  the  constraint  that  Equation  1  be 
phyiically  meaningful  (tin  9^  s  1);  thle  con- 
•tratnt  li  equivalent  to  laying  that  for  £  >  d>,, 
the  aecond  elit  will  never  pan  through  the  iun, 
ai  le  obvloui  in  Figure  11a.  The  concluiion  to 
be  drawn  ii  that  if  data  lemitlvity  were  the  only 
constraint,  the  senior  ihould  be  canted  the  maxi¬ 
mum  amount  consietent  with  the  minion  iun 
angle  (d  )  history. 


Several  physical  characteristic  1  of  the 
senior  make  the  choice  of  £  ■  6,  Impractical. 

Fir  11,  the  lilts  do  not  have  a  total  planar  field  of 
view,  or  even  a  half-plane,  but  are  optically 
limited  to  a  total  of  about  90  degren,  giving 
them  the  true  fan- shaped  field  of  view  as  shown 
in  Figure  10.  Second,  they  have  a  finite  angular 
width,  «  ;  and  more  important,  the  iun  is  not  a 
point  source,  but  has  a  finita  diameter,  6.  The 
effect  of  both  these  factors  is  to  produce  a 
broader,  less  sharply  defined  voltage  pulse  to 
be  processed  by  epacecraft  (or  ground)  electronics 

Returning  to  Figure  11a,  define  "longitude" 
as  Since  the  projection  ie  spacecraft  utntarud, 
coneider  the  sun  to  be  moving  leit  to  right  at 
some  "latitude",  df,  and  at  some  angular  rate.w, 
the  epacecraft  rotor  spin  rats.  It  is  required  to 
determine  the  total  angle  9  during  which  the  eun 
is  visible  in  the  slit  as  a  function  of  d«>  with  £ 
as  a  parameter.  Referring  to  Figure  lip, 


recognize  that  ten  o  has  already  been  calculated 
In  Equation  2  aa 


which  lead*  Immediately  to  the  required  equation 
lor  8 . 


where 


6  ■  total  spin  angle  through  which  the  sun  is 
visible  in  ths  canted  slit 

<  »  slit  width 


6  •»  diameter  o £  the  eun 
(*2,  as  defined  in  Equation  1) 
As  expected,  this  relationship  yields 


e  ■  (i  +  6)  sec  £  at  $a  «  90  dsgrees  (5) 

but  more  important,  it  shows  6  degenerating 
rapidly  as  and  finally  results  in 


6  ■  a  at  <fr§  ■  i 


(6) 


From  a  design  point  of  view,  Equation  4  chows 
that  excessively  long  solar  viewing  by  a  slit 
may  be  controlled  by  making  the  slit  width,  « , 
aa  small  as  poaslbla  consistent  with  minimum 
solar  input  energy  requlremente.  Use  of 
Equations  2  and  4,  along  with  sensor  character¬ 
istics  (signal-to-nolaa  ratio,  slit  width,  etc,  ) 
and  mission  constraints,  allows  proper  selection 
of  t. 

As  a  final  notn,  recognise  that  the  longitudi¬ 
nal  (M  intercept  of  the  canted  elit  need  not 
necesearily  be  sero,  but  that  the  sensor  will 
function  in  an  Identical  manner  with  an  arbitrary 
intercept  longitude,  This  results  in  a  simple 
modification  of  Equation  1  to 

cot  ■  cot  £  sin  (’*'2"^  (7) 


where  K0  le  the  longitudinal  intercept  of  canted 
sun  sensor  beam  and  ♦  ,  ( ,  and  are  as 
previously  defined. 

Data  seneltlvity  and  other  functional 
propertlee  are  unaffected;  however,  proper 
selection  of  can  prevent  the  two  voltage  pulees 
from  ever  overlapping,  which  may  allow  simpler 
processing  electronics. 

The  sun  sensor  has  bsen  extremely  reliable 
(no  failuree  in  40  satellite-years  in  orbit)  but 
yields  data  of  only  medium  quality.  TACSAT 
experience  indicated  random  measurement 
deviations  of  0.  03  degree,  but  constant  bias 


error*  on  the  order  of  0,  10  degrees.  Calibration 
of  these  bias  errors  is  discussed  later. 

EARTH  SENSOR 

The  earth  seneor  is  a  small  telescope  with  an 
infrared- sensitive  chip  mounted  at  the  focal  point. 
The  optica  allow  an  effectivs  bandpass  of  14  to 
16  microns  in  the  infrared  band,  the  eo-ealled  C02 
window.  The  earth  sensor  provides  both  leading 
and  trailing  edge  pulses,  using  derivative  thresh¬ 
olding,  with  the  leading  edge  pulse  serving  as  a 
despin  and  control  Jet  reference  in  addition  to 
providing  attitude  information.  (By  measuring 
the  spin  period  as  the  time  between  succeesive 
leading  edge  earth  pulses,  all  other  time  Interval 
measurements  can  be  converted  to  equivalent 
angles. )  The  earth  sensors  are  mounted  in  pairs, 
one  S  dsgrees  above  the  satellite  spin  plane  and 
one  5  degrees  below  (or  equivalently,  85  and 
95  degrees,  respectively,  from  the  spacecraft 
spin  axis).  Two  such  pairs  are  Included  for 
redundancy;  however,  only  one  is  used  at  any 
time. 

The  basic  Information  content  from  a  single 
earth  sensor  is  the  earth  chord  width  observed 
as  indicated  by  the  time  interval  between  lead¬ 
ing  and  trailing  sdge  pulsee  (see  Figure  12).  For 
a  known  satellite  position  (hence,  known  radius), 
ths  earth  chord  width  may  be  calculated  from  the 
co-elevation  between  the  epaeecraft  spin  axis 
and  the  earth  center  direction  by  ths  following 
spherical  trigonometric  relationship,  which  is 
derived  immediately  from  ths  law  of  cosines  and 
is  illustrated  in  Figure  13. 


COS  ttj  ■  ■ 


cos  oc  -  cos  Y  cos 


in  Y  sin 


where 

or^  ■  one  half  the  angular  chord  width  seen  by 
the  1th  sensor 

a  =  semidiameter  of  the  earth's  disk  as  seen 
0  from  the  satellite 

Y  ■  co-olevation  of  the  spacecraft  spin  axis 
and  a  line  toward  the  earth's  center 

1 .  •  angle  between  the  spacecraft  spin  axis 
and  ths  optical  axis  of  the  Ith  sensor 
(85  and  95  degrees  on  TACSAT) 

While  the  sun  sensor  response  is  nearly 
linear  over  the  range  of  sun  anglss  encountsred 
during  TACSAT  mission  life  (  9  ■  90  * 23.  5  degrees), 
earth  seneor  response  is  highly  nonlinear,  reflec¬ 
ting  the  relatively  small  earth  siae  (17.  6  degrees 
diameter)  seen  from  synchronous  altituds.  An 
analysis  similar  to  that  described  for  the  eun 
sensors  can  bs  made  for  the  earth  sensore  lead¬ 
ing  to  an  optimal  selection  of  the  mounting  angles, 

for  both  earth  sensors.  Since  ths  earth 
sensor  pulse  ie  used  additionally  for  a  despin  and 
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jet  control  reference,  theee  individual  require¬ 
ment!  for  pulee  etability  muet  be  included  in 
any  analytic. 

Two  earth  eenaore  ueed  concurrently  offer 
eeveral  intereating  variation!  in  data  protecting. 
Inetead  of  proeeaalng  their  meaeuremente  at 
two  independent  reading!  of  earth  co-elevation 
angle,  it  le  poeeible  to  difference  their  meaeure- 
mente  and  proeeaa  the  difference  aa  a  meaaure 
of  the  angle  between  the  ipacecraft  apin  axia 
and  the  plane  orthogonal  to  the  radlua  vector. 

Thia  concept  can  be  likened  to  monopulae  radar 
and  hae  the  aimilar  advantage  of  doubling  the 
error  aenaitivity  of  the  tingle  meaauremant 
where  error  ie  interpreted  aa  a  deviation  from 
orthogonality  to  the  radlua  vector,  Another 
variation  baaed  on  the  aame  theme  la  that  of 
differencing  only  the  leading  edge  (or  trailing 
edge)  pulaea,  Thia  would  prove  effective  where 
the  accuracy  of  one  type  of  pulae  waa  in  doubt, 

Neither  method  can  create  Information  that 
did  not  already  exlat  in  the  data,  and  the  author  a 
contend  that  proeeaalng  the  two  readinge  aa 
independent  co-elevation  meaeuremente  utlliaee 
the  data  to  ita  full  advantage.  Additionally,  two 
important  benefita  are  derived)  1)  data  proeeaalng 
algorithm!  work  equally  well  whether  data  from 
both  eenaora  ia  available  or  not,  hence,  are 
valid  if  either  aeneor  faile  or  ia  off  the  earth, 
while  other  achemee  cannot  handle  thia  eituatlon; 

2)  biaa  calibration!  (deacrlbed  later)  can  be  done 
on  an  individual  aeneor  baaia,  allowing  better 
tenaor  performance  analyeie  and  utiliaation  if 
other  aeneora  fall. 

The  TACSAT  earth  eenaore  returned  data 
of  0.  03  degree  rme  deviation,  but  with  biaeea  of 
up  to  0.  36  degree.  Theae  biaeea  were  determined 
in  the  attitude  determination  leaet  equarea  eeti- 
mate  and  caueed  no  algnlficant  problama. 

SUN-EARTH  SEPARATION 

A  third,  independent  data  type  le  available 
"free  of  charge"  by  virtue  of  the  eun  and  earth 
eeneore;  eun-earth  eeparatlon  angle,  *c.  By 
telemetering  the  time  delay  between  receipt  of 
the  eun  pulee  (from  the  vertical  ellt)  and  the  mid¬ 
point  between  the  leading  and  trailing  edge  earth 
puleee,  the  angular  eeparatlon  between  the  two 
bodiee,  ae  meaeured  about  the  epaeeeraft  epin 
axle,  la  available. 

Thia  data  haa  unique  propertiee  and  ia  often 
overlooked  aa  a  potential  data  eource.  The  data 
hae  ite  maximum  aenaitivity  when  the  apin  axia, 
the  epacecraft-aun  line,  and  the  epaeeeraft- 
earth  line  are  coplanar  and  the  two  coelevation 
anglee,  d  and  V,  are  each  aa  far  from  90  degreea 
aa  poeeible.  Aa  deacrlbed  in  Reference  3, 
thie  data  can  be  particularly  valuable  during 
the  launch  and  accent  phaae  of  a  mlaaion  when 
the  epin  axia  may  not  be  orthogonal  to  the  orbit 
plane. 


DATA  FLOW 

Figuree  14,  15  ehow  the  attitude  data  flow 
from  the  TACSAT  vehicle  to  the  Hughea  Data 
Proeeaalng  Facility  (HDPF). 

The  data  ie  meaeured  ae  a  sequence  of  time 
difference!  on-board,  ie  digitiead,  and  ia  then 
telemetered  to  the  ground.  The  remote  tracking 
atation  (RTS)  recalvee  and  preproceaaae  the  raw 
telemetry  bit  atream  and  recorde  it  on  magnetic 
tape.  The  RTS  then  converta  the  telemetry  to 
engineering  unite  and  edite  it  according  to  any 
of  eeveral  proeeaalng  modea.  The  edited  telem¬ 
etry  ie  then  tranemitted  to  the  eatellita  teet 
center  (STC)  Bird  Buffer, 

The  STC  Bird  Buffer  proceaaea  the  edited 
telemetry  to  provide  a  printout  of  data  for  real¬ 
time  monitoring,  and  generate!  hlatory  tape* 
of  the  edited  telemetry.  The  hlatory  tape  a  are 
proceeaed  through  the  MUNCH  program,  which 
produeea  paper  tapaa  for  teletype  tranemiaalon 
directly  to  the  HDPF,  where  the  tranemitted 
data  ia  automatically  atored  on  magnetic  tape 
by  the  OE  635  computer  to  await  proeeaalng  by 
the  attitude  determination  program. 

THE  ATTITUDE  DETERMINATION  PROGRAM 

The  attitude  determination  algorithm  waa 
implemented  on  the  HDPF  OE  635  large  acale 
digital  computer.  Program  and  data  atorage  are 
on  magnetic  tape  and  are  operated  from  the 
TACSAT  Operatlona  Center  via  a  remote 
terminal. 

An  attitude  determination  differential  cor¬ 
rection  algorithm  waa  developed  which  handlee 
up  to  nine  parametera  in  ita  atate  vector)  two 
attitude  parametera  (the  equivalent1*1  of  right 
aaeanalon  and  declination),  three  aolar  torque 
coefficiente,  and  four  attitude  aeneor  biaeea. 

Any  aubeet  of  the  total  vector  may  be  aalected 
for  differential  correction,  the  othere  being 
held  conatant. 

The  initial  eetimate  of  the  etate  vector  may 
be  weighted  with  an  a  priori  covariance  matrix. 
The  program  itaelf  wTil  output  the  covariance 
matrix  of  the  final  attitude  etate  vector  eetimate 
on  requeat  at  the  end  of  each  run.  Thia  previoua 
covariance  matrix  may  be  ueed  in  conjunction 
with  eubeequent  date.,  reeulting  in  a  etage-wlee 
eetimate  being  built  up  ae  data  ie  received. 

Thia  capability  redu<.ee  data  atorage  and 
reproceeaing  requirement!. 

A  etraightforward  leaet-equaree  eetlmator 
with  a  variety  of  data  weighting  and  culling  optlone 
ie  ueed.  The  data  can  be  ahown  to  be  uncorre¬ 
lated,  both  between  data  typeo  and  between 
eequentlal  readinge  of  the  aame  type,  by  virtue 
of  the  way  it  ia  meaeured  and  telemetered.  A 
fixed  point  atate  eetimate  (baaed  on  work  by 
I.  A.  Oura,  aee  Reference  4)  le  obtained  with  all 


♦Right  aaeanalon  and  declination  themaelvea  are  aingular  near  the  pole  and  hence  uneuitable  for  differ¬ 
ential  correction.  A  local  coordinate  eyatem  ualng  the  current  eetimate  of  the  apin  axia  ae  the  3-axie 
ia  defined  and  the  eetimate  le  differentially  corrected  along  the  orthogonal  1-  and  2-axee. 
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RESULTS  OF  IN-FLIGHT  EXPERIENCE 

the  data  related  back  to  a  aingle  reference  epoch  Actual  experience  with  flight  data  haa  been 

of  the  atate  vector.  A*  described  in  the  Reference,  quite  aucceaaful.  The  earth  and  sun  sensors 

this  technique  is  applicable  to  situations  where  have  returned  data  with  random  noise  of  approxi- 

the  differential  equations  describing  the  state  mately  0.  03  degrees  (le),  but  with  larger  than 

vector  are  known  and  the  system  is  not  driven  expected  bias  errors  of  up  to  0.  4  dogree  on 

by  "forcing  noise",  Forcing  noise  may  be  certain  of  the  redundant  sensors  (see  Table  1). 

described  In  this  application  as  disturbance 

torques  which  are  not  modeled  or  are  modeled  These  bias  errors  were  determined  quickly, 

incorrectly,  A  fixed  point  atate  estimate  can  and  caused  no  major  concern  in  mission  opera- 

bs  contrasted  to  a  Kalman-type  filter  wh-are  tions.  The  accurate  determination  of  sensor 

covariance  matrix  terms  are  increased  to  r  ;fi*ct  biases  is  quite  Important.  In  theory,  for  a  gaue- 

errors  made  in  mapping  the  state  vector  fr ,  ward,  elan  or  purely  random  distribution  of  measure¬ 

ment  errors,  the  uncertainty  in  attitude  should 

The  differential  aquations  governing  *pn  decrease  as  N-1/*  where  N  is  the  number  of 

axis  motions  due  to  solar  torque  were  integrated  measurements.  This  assumption  is  implicit  in 

analytically  after  substitution  of  some  •<n.  :lify-  the  weighted  least-squares  method  of  estimation, 

lng  approximations.  (These  approximations  However,  the  biases  in  these  measurements 

introduce  a  completely  negligible  error  over  dominates  the  certainty  of  the  solution,  so  that 

periods  of  up  to  several  months, )  The  torque  an  accurate  attitude  solution  is  dependent  on 

Itself  was  modeled  as  a  quadratic  in  solar  aspect  knowing  the  data  biases  with  a  high  degree  of 

angle,  4a,  with  the  three  coefficients  as  terms  confidence, 

in  the  state  vector.  The  analytic  Integrals  result 

in  a  considerable  saving  in  computation  time  over  In  light  of  modeling  uncertainties,  which  are 

a  numerical  integration  scheme.  felt  to  be  the  limiting  factor  in  attitude  deter¬ 

mination  accuracy,  tne  overall  certainty  in 

Four  constant  biases  arise  from  the  four  attitude  estimates  is  approximately  0.  03  degree, 

data  types  available  in  each  data  vector:  sun 

sensor,  north  earth  sensor,  south  sarth  sensor,  Several  phenomena  have  become  apparent, 

and  sun-earth  separation  angle.  The  biases  ars  Attitude  determination  accuracy  does  not  suffer 
modeled  as  sensor  misalignments.  It  is  con-  significantly  when  data  is  taken  during  periods 

ceivable  that  the  bias  errors  are,  in  fact,  due  to  of  spacecraft  nutational  activity  (TACSAT  has 

electronic  timing  delays,  etc.,  but  it  le  impos-  undergone  random  periods  of  nutation  with 

eible  to  determine  the  source  from  the  data  amplitudes  up  to  ~1.  3  degrees).  Though  ths 

alone.  Hence,  it  makes  no  difference  how  they  variation  in  sen -or  output  is  actually  sinusoidal 

are  modeled  as  long  as  ths  end  result  -  correct  and  regular  in  nature  due  to  spacecraft  nutation, 

determination  of  attitude  —  is  achieved.  the  attitude  estimator  successfully  treats  thie 

sensor  output  variation  as  random  noise  and 

In  general,  the  algorithm  haa  worked  quite  eliminates  ths  effects  on  ths  solution  almost 

well.  Convergence  of  the  differential  correc-  completely.  Larger  data  residuals  result,  but 

tion  iteration  it  generally  rapid  (2  to  3  Iterations)  attitude  determination  results  tgree  to  within 

and  is  not  strongly  Initial  -  estimate  dependant  -0,  01  degree  of  results  obtained  immediately 

dus  primarily  to  ths  relative  linearity  of  ths  before  or  after  periods  of  nutation  (after  account- 

problom.  Determination  of  biases  is  only  possible  ing  for  the  effects  of  solar  torque), 
when  the  date  available  meets  certain  geometric 

criteria.  Ths  determination  of  solar  torque  An  arcurate  orbit  sphsmeris  generator  is 

coefficients  requires  that  data  be  gathered  over  mandatory.  In  particular,  a  1-  to  -1  corree- 

a  considerable  time  span  (so  as  to  allow  the  pondsnee  exists  between  error  in  orbit  normal 

motion  of  ths  spin  axis  to  be  measurable  in  the  direction  (orbit  Inclination  and  right  aecsneion 

data),  of  ascending  nods)  and  attitude  determination 

error.  Operationally,  orbit  determination 

The  program  was  developed  with  con-  and/or  updating  must  occur  frequently  enough  eo 

slderable  operating  flexibility  in  mind  and  has  that  the  orbital  elements  reflect  the  correct 

not  required  any  major  modifications  to  respond  orbital  inclination  and  right  ascension  of  ths 

to  actual  mission  situations,  ascending  node  corresponding  to  ths  time  at 


TABLE  1.  TACSAT  ATTITUDE  SENSOR  BIASES 


Sensor 

Bias,  degrees 

Description 

Earth  sensor 

North  A 

0  38  *  0.  03 

Toward  equator  (down) 

North  B 

0.  17  e  0.  05 

Toward  equator  (down) 

South  B 

•0.  06  e  0.  03 

Toward  equator  (up) 

South  A 

•  0.  02  >  0.  05 

Toward  equator  (up) 

Sun  sensor 

-0.  024  *  0.  03 

Decreased  astmuth 
separation  of  sensor  planes 
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which  the  data  waa  taken.  Correct  inclination 
i«  more  important  than  correct  in-track  poaition 
(mean  anomaly). 

The  "strength"  of  the  earth-eun-eeneor 
eometrical  relationship*  varies  with  time  of 
ay  and  tlm*  of  year.  The  time  of  day  and  time 
of  year  at  which  attitude  data  is  taken  it  crucial. 

Close  to  the  equinoxes,  the  tun  teneor  data 
becomes  lees  sensitive  to  attitude  change*.  During 
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periods  close  to  local  (spacecraft)  noon  and 
midnight  when  the  earth,  sun,  and  spacecraft 
are  essentially  colinear,  earth  sensor  data  and 
sun  sensor  data  are,  to  a  large  extent,  redundant 
and  no  longer  provide  separate  attitude  informa¬ 
tion.  It  is  therefore  advantageous  to  collect  atti¬ 
tude  data  at  time*  when  the  earth-spacecraft  line 
1*  as  close  to  perpendicular  to  the  eun- spacecraft 
line  as  possible. 
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ABSTRACT 

Various  applications  of  attitude  estimation  as  applied  to  the  opera¬ 
tion  of  the  Orbiting  Astronomical  Observatory  are  enumerated  and  ex¬ 
plained  In  some  detail.  The  techniques  used,  the  results  of  these  tech¬ 
niques,  and  the  pro  bio  ms  encountered  during  the  first  nine  months  of  the 
mission  are  delineated.  The  operation  of  the  Orbiting  Astro  no  mloal 
Observatory  Including  the  spacecraft  and  the  supporting  ground  system 
is  briefly  described. 


INTRODUCTION 

On  Deoember  7, 1908  the  NAIA's  Orbiting  Astro¬ 
nomical  Observatory  (OAO)  was  placed  Into  a  near  cir¬ 
cular  orbit  lno lined  39  degrees  from  ths  equator  by  an 
Atlas-Centaur  booster.  The  OAO,  orbiting  490  miles 
above  ths  earth's  surfaoe,  doubled  existing  stellar  data 
dear  of  the  earth's  absorbing  atmosphere  la  Its  first 
thirty  days  of  operation.  Attar  nine  months  of  suc¬ 
cessful  operations  this  first  astronomical  observatory 
In  spaoe  has  made  over  3000  observations  of  stellar 
objeots  and  has  attained  some  9000  different  attitudes 
distributed  over  the  entire  oelestlal  sphere, 

Two  experiments  are  aboard  the  OAO  spaoeoraft: 
One  designed  by  the  University  of  Wisconsin  and  the 
other  by  the  Bmlthsonlan  Aatrophysioal  Observatory 
(BAO).  The  Wlwoousin  Experimental  Package  (WEP) 
Includes  four  stellar  photometers,  two  scanning  apeo- 
trometeri,  and  one  nabula  photometer.  The  primary 
function  of  the  WIP  is  to  gather  speotral  energy  dis¬ 
tributions  on  seleoted  stars  and  nebulae  In  the  ultra¬ 
violet  range  of  1000  to  4000  Angstrom  (A).  Ths  BAO 
experiment  contains  four  ll-lnoh  telescopes  each  of 
whioh  images  a  star  field  onto  an  ultraviolet  sensitive 
photo uuthods.  The  solentlflo  objective  of  B\0  Is  to 
measure  the  brightness  of  many  celestial  bodies  In  four 
separate  ultraviolet  speotral  bands  ranging  between 
1100  A  and  3000  A. 

THE  BPACECRAFT  AND  IT8  CONTROL 

The  OAO  spaoeoraft  Is  an  o otago nally  shaped 
aluminum  structure  ten  feet  long  and  six  and  two-tLl:  dr 


feet  aoross  any  two  parallel  sides  of  the  ootagon.  There 
is  a  hollow  central  tubular  area  four  feet  In  diameter 
running  the  length  of  the  spaoeoraft  whioh  Is  used  to 
bouse  the  experimental  equipment.  Two  hinged  sun¬ 
shades  approximately  tour  that  square  are  attached  to 
eaoh  end  of  the  epeoeoraft  to  protect  the  experimental 
equipment  from  eunltght.  Attached  to  eaoh  of  two  op¬ 
posite  sidee  of  the  ootagon  at  an  eagle  of  34  degrooa 
from  the  longitudinal  (optloal)  axle  era  four  solar  osll 
paddles  whose  oomblned  dimensions  are  nearly  aleven 
feet  by  nine  feet.  Solar  cells  are  mounted  on  both  sides 
of  all  eight  peddlee.  The  major  subsystems  of  ths 
OAO  srs  stabilisation  and  control,  data  processing, 
communications ,  and  power.  Thermal  control  Is  pas- 
elve .  The  entire  spaoeoraft  weight  over  two  tone 
which  Include*  1000  pounds  of  axperlmentel  equipment. 

The  primary  mode  of  oontrol  la  by  stellar  guidance 
ao  aa  to  point  either  of  the  experiments  to  within  one 
aro-mlcut*  of  a  epeotfled  target  star.  Control  perpen¬ 
dicular  to  the  optloal  axle  la  also  required  for  maneu¬ 
vering,  power,  (normal,  and  shading  consideration*. 

This  three  dimensional  oontrol  is  accomplished  by  us¬ 
ing  various  combinations  of  six  orthogonally  mounted 
glmballed  startraokere  eaoh  having  a  Held  of  view  of 
one  degree  and  an  excursion  of  approximately  forty 
degrees  In  any  direction.  A  seventh  tracker,  bore- 
sighted  with  the  optloal  axle,  Is  aleo  available  which 
provides  single  axis  (optical)  oontrol.  Averaged  error 
signals  from  the  traoksrs  drive  three  orthogonally 
mounted  "fins"  momentum  wheels  whioh  absorb  ths 
extraneous  torques  that  would  osuso  attitude  errors. 

Ths  momeutum  In  the  fins  wheels  is  continuously 
"damped"  by  s  msguetlo  unloading  system  consisting 


of  three  flux  gate  magnetometers,  three  torquer  coils 
(electromagnets),  and  a  processor.  The  momentum  In 

tho  fine  wheels  may  also  be  removed  by  a  gas  Jet  system. 

The  OAO  may  also  be  controlled  by  three  rate 
gyros  whloh  actuate  either  the  fine  momentum  wheels 
(Hold  On  Wheels)  or  the  gas  system  (Hold  On  Jets). 

The  maximum  drift  rate  for  any  one  gyro  as  obtained 
from  in- flight  data  le  about  0.2  degree  per  hour. 

The  spacecraft  Is  maneuvered  from  one  attitude 
(two  axes)  to  another  by  means  of  three  "ooarse"  iner¬ 
tia  wheels  In  an  open  loop  manner.  Two  or  more 
trackers  are  required  to  traok  continuously  during  the 
slew  and  averaged  errors  from  preset  glmbal  angles 
settle  the  spacecraft  when  the  slew  has  terminated. 
Slewing  plus  settling  times  vary  with  the  axis  and  angle 
of  rotation  but  Is  usually  better  than  three  degrees  per 
minute.  Small  olosed  loop  slews  (several  degrees)  may 
also  be  aoeompllshsd  with  the  fine  wheels  by  ohanglng 
the  commanded  glmbal  angles. 

The  OAO  has  two  speulal  modes  uf  controls  "sun¬ 
bathing"  and  "sun-polntlng."  In  the  former,  sun  sen¬ 
sors  are  used  to  actuate  gas  Jets  whloh  align  the  nor¬ 
mal  of  the  solar  uell  array  to  the  sun  when  In  sunlight 
Rate  gyros  then  hold  this  position  while  In  darkness, 
Sun-polntlng  Is  similar  oxospt  In  this  oase  the  optloal 
axis  is  pointed  toward  tho  anti-sun  line.  This  Is  the 
pointing  the  spacecraft  automatically  obtains  upon  sep¬ 
aration  from  the  launoh  vehlole. 

In  addition  to  the  sensors  mentioned  above  there 
are  tour  run  sensors  mounted  so  as  to  give  solar  as¬ 
pect  data  at  any  attitude.  It  la  the  purpose  of  these 
sensors  jo  provide  Independent  attitude  Information 
while  In  sunlight 

The  data  processing  subsystem  can  aooept  IN  dif¬ 
ferent  oontrol  oommands  In  addition  to  the  glmbal  and 
slewing  oommands.  All  oommands  may  be  executed  In 
real  time  or  stored  (up  to  256  oommands)  and  exeouted 
at  a  specific  time  later  as  a  funotion  of  an  on-board 
olook. 

THE  GROUND  SYSTEM 

For  the  most  part,  the  actual  functions  performed 
by  the  OAO  are  initiated  by  one  of  the  experimenters 
although  severa.  major  elements  of  the  ground  system 
lie  between  his  request  and  the  oommands  exsoutad  by 
the  apaoeoraft.  The  experimenter  specifies  a  sequence 
of  target  stars  (pointings)  and  the  assoolated  experi¬ 
mental  equipment  oommands  neoeaaary  to  obtain  the 
doelred  scientific  objectives.  This  information  (Experi¬ 
menter's  Target  List)  Is  passed  on  to  the  Mission 
Computing  Oroup  where  it  and  other  Inputs  are  entered 
into  a  oomplex  computing  system  known  as  the  Support 
Computer  Program  System  (SCPS).  The  SCPS  (whloh 
resides  in  a  large  scale-high  speed  oomputer)  deter¬ 
mines  the  total  attitude  as  a  function  of  the  target  and 


other  geometric  consideration!.  From  tills,  the  num¬ 
ber  of  turns  for  each  inertia  wheel  required  to  elew 
from  the  previous  attltuds  to  ths  present  one  le  then 
determined.  The  glmbal  angles  for  eaoh  tracker  and 
their  on-off  schedule  ae  a  funotion  of  ocoultatlona  by 
eun,  moon,  or  aarth  are  also  generated.  One  of  the 
final  output*  of  the  SCPS  te  tho  ordered  list  of  com¬ 
mands  In  apaoeoraft  format  which  are  to  be  exeouted 
and  their  time  of  execution.  Baaed  upon  the  eohedule 
of  ground  oontaots  with  the  spacecraft,  the  number  of 
commands  to  be  executed,  and  tha  current  memory  as¬ 
signments  ths  SCPS  alao  dstermlnss  when  and  where 
the  oommands  nrt  to  be  loaded  Into  the  apaoeoraft 
memory. 

The  Image  of  the  OAO  oommand  memory  along 
with  oertaln  ground  procedures  generated  by  the  8CPS 
it  then  routed  to  the  OAO  Operatloua  Control  Center 
(OCC)  whloh  In  turn  translate  this  "oontaot  message" 
to  one  of  five  remote  sites,  These  sites  are:  Rosman, 
North  Carolina)  Quito,  Eouador;  Santiago,  Chllet 
Tananarive,  Madagascar;  and  Orroral,  Australia.  At 
ths  sohadulsd  oontaot  the  remote  station  establish** 
communications  with  the  OAO,  load*  new  oommands  In 
msmory  (If  nsossssry),  and  gathsrs  telemsterad  data 
(real  tima  and  stored).  The  OCC  monitors  thee*  oon¬ 
taots  (in  ths  oass  of  a  Rosman  oontaot  it  also  replaces 
ths  remote  station  functions) ,  and  display*  the  return¬ 
ing  telemetered  data.  During  ths  oontaot,  real  ums 
oommands  already  at  the  remote  sit*  may  be  exeouted 
and  real  time  oommands  from  Goddard  Space  Flight 
Center  (where  the  SCPS  and  OCC  are  looated)  oan  be 
reootved  by  the  alt*  and  relayed  to  the  apaoeoraft. 

ATTITUDE  ESTIMATION  APPLICATIONS 

The  applications  for  attitude  estimation  techniques 
In  tho  OAO  program  range  from  ooarse  ectimatea 
(several  degrees)  from  the  solar  and  magnetic  sensor* 
to  s  precis*  attitude  determination  (seconds  of  aro) 
from  as  many  as  six  startruoker*. 

A  ooarse  attitude  estimate  is  used  as  an  inter¬ 
mediate  step  in  obtaining  stellar  guldano*.  The  transi¬ 
tion  between  the  ooarse  attitude  estimate  and  stellar 
oontrol  is  obtained  by  generating  a  sequeno*  of  etar- 
tracker  glmbal  angle*  consistent  with  a  sequeno*  of 
attitudes.  This  sequence  of  attitudes  sweep*  out  the 
most  probable  region  assoolated  with  the  ooarse  atti¬ 
tude  estimate.  Stellar  fuldanoe  Is  then  obtained  when 
twr  or  more  traok* re  acquire  their  preaeeigned  stars 
during  the  search  maneuver. 

The  ooaree  estimate  of  the  QAO'e  attitude  is  ob¬ 
tained  by  placing  the  apaoeoraft  In  an  attitude  hold  using 
the  rate  gyros  and  fin*  momentum  wheels.  Sun  sensor 
and  magnetometer  data  are  then  coileoted  while  the 
apaoeoraft  is  In  oontaot  with  a  ground  station  (approxi¬ 
mately  ten  mlnutse).  7 hie  date  is  then  relayed,  by  high 
speed  data  links,  to  ths  oontrol  oentsr  where  it  Is 
passed  to  the  SCPS  Since  the  attitude  of  ths  spacecraft 
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is  fairly  stable  during  the  collection  of  the  data  (rela¬ 
tive  to  the  accuracy  of  the  i  ita>,  It  Is  assumed  that  all 
the  data  refers  to  the  same  attitude  and  la  thus  uaad 
collectively  to  obtain  a  weighted  least  squares  estimate 
of  that  attitude.  The  star  searoh  commands,  baaed  upon 
the  attitude  estimate,  are  then  genorated  by  the  SCP8 
and  transmitted  (via  the  total  ground  system)  to  the 
spacecraft  at  some  subsequent  contact  in  real  time. 

Even  though  the  magnetometers  were  not  calibrated 
and  give  noisy  data  (their  original  purpose  waa  solely 
to  unload  momentum  from  the  fine  wheele)  the  above 
procedure  yields  an  adequate  solution  and  has  been  used 
to  place  the  OAO  under  stellar  oontrol  approximately 
thirty  times  in  e  nine  month  period.  The  suocese  of 
this  technique  hae  saved  valuable  time  and  extended  the 
life  of  the  OAO's  gas  supply  stnoe  it  is  applloable  at 
any  oriantatlon  whereas  the  original  design  oonoept  re* 
qulred  a  reorientation  to  align  a  particular  axle  with 
the  sun.  Stellar  oontrol  would  then  be  accomplished  by 
rolling  about  this  axle  until  two  or  more  atartraekars 
simultaneously  aoqulred  stare. 

The  OAO'e  capability  to  hold  an  unknown  attltuda 
undar  gyro  oontrol  haa  also  been  used  to  derive  an  as* 
ttmata  of  attitude  using  only  magnatomatar  data.  To 
date  suoh  rough  estimates  have  had  vary  llmltad  appll* 
cation.  Howavar,  on  ona  oooaslon  suoh  an  eatlmata  waa 
used  to  verify  that  the  telemetry  from  a  aun  senior  had 
bean  misinterpreted.  With  calibrated  magnetometers 
this  capability  could  provide  useful  attitude  information 
while  the  spacecraft  la  in  darkneaa. 

Whan  under  atelier  control,  attitude  determination 
techniques  using  etartvaoksr  data  have  been  used  for 
an  Independent  verification  of  the  commanded  attitudes 
and  to  determine  the  aoouraoy  of  the  various  seniors. 
Lent  squares  solutions  using  all  traoker  data  (usually 
from  two  to  four  traokera)  as  an  aggregate  and  In  vari¬ 
ous  combinations  provides  an  excellent  means  for 
evaluating  the  performance  of  eaoh  tracker  and  whether 
any  misalignments  exist  between  them. 

More  sophisticated  techniques  have  been  employed 
to  determine  the  values  of  the  traoker  misalignments 
from  inflight  data.  This  haa  bean  naoaaaary  since 
shifts  dua  to  launoh  atresias  and  other  affects  have 
been  greeter  than  expected.  By  ueo  of  this  proeeduro 
tho  pointing  aoouraoy  haa  bson  batter  than  tha  design 
spaoifloation  of  ona  aro-mlnuta. 

Attitude  determination  from  tracksr  gimbal  angles 
la  also  parformod  in  the  prooeaalng  of  tha  experimental 
data.  This  allows  a  correlation  of  tha  data  to  a  known 
star  and  aide  in  the  evaluation  of  the  scientific  results. 

Stellar  oontrol  haa  provided  the  opportunity  to  atudy 
the  correlation  between  the  errors  of  the  eenaore  and 
the  resulting  error  In  attitude.  In  this  manner  a  good 
deal  of  experlenoa  haa  been  obtained  In  the  eeleotlon  of 
weighting  factors  for  the  various  eenaore  aa  wall  aa 


interpreting  the  results  baaed  on  residual  errors  and 
the  angular  separation  between  the  solar  and  magnetic 
veetore.  A  technique  has  reoently  bean  developed  which 
will  determine  from  in* flight  data  any  systematic  errors 
eauaad  by:  tha  misalignment  of  the  magnetometers, 
the  permanent  magnetic  moment  of  the  epeceoraft,  and 
tha  effects  of  the  torquer  ooils  on  the  magnetometers. 

It  le  felt  that  thla  Information  will  help  eliminate  the 
prosent  wide  diaperston  in  the  magnetto  data. 

THE  ATTITUDE  ESTIMATE 

All  of  the  attitude  eetimatae  referred  to  in  the 
prooedtttg  sections  era  obtained  from  tha  asms  mathe¬ 
matical  algorithm  which  yields  a  weighted  least  aquaria 
eatlmata  of  attltuda.  The  only  dltterenue  between  the 
various  applications  la  tha  aeleotlon  of  tha  weights 
and/or  tha  type  of  data  to  be  uaad. 

Tha  method  (delineated  in  aa  appendix)  la  baaed 
upon  two  different  vector  perametrlsatlona  of  three- 
dimensional  rotations.  One  veotor  haa  bean  referred 
to  ai  tha  Olbbe  vector  and  tha  other's  oomponenta  are 
three  of  Euler's  symmetrical  parameters.  Tho  direc¬ 
tion  of  both  veotors  defines  tho  sxis  of  rotation  and 
their  lengths  are  trigonometric  funotlons  of  the  angle  ' 
of  rotation.  One  veotor  hae  a  length  equal  to  tha  tan¬ 
gent  of  tbs  half-angle  of  rotation  and  la  denoted  ai  the 
Y  veotor,  Tha  other  veotor  Is  denoted  as  Z  and  haa 
length  equal  to  tha  sine  of  the  half-angle  of  rotation. 

Tho  Z  veotor  le  used  to  obtain  a  vaotor  expression 
for  the  "smalleet"  rotation  whloh  will  align  an  eatlmata 
of  e  rotated  veotor  to  its  true  value.  A  generalised 
weighted  least  squares  oritarlon  la  thus  established  by 
requiring  tha  aum  of  squared  lengths  of  all  auoh  Z'a 
(premultiplied  by  a  symmetric  weight  matrix)  to  ba  a 
minimum.  The  resulting  aquation  le  then  simplified 
by  assuming  that  tho  weight  matrix  la  tha  Identity  times 
a  scalar  (thla  Impliaa  that  tho  component  error*  of 
eaoh  Z  vaotor  era  equal  end  lndependant). 

The  Y  veotor  Is  used  to  exproee  the  least  squares 
condition  In  veotor  notation  where  the  only  varlablea 
arc  the  three  oomponenta  of  tha  Y  vaotor.  Tha  naoei- 
sary  conditions  for  on  extremum  are  then  applied  to 
thla  function  and  tha  result  la  a  vaotor  equation  in  terms 
of  tho  Y  veotor.  The  loast  squares  solution  oan  then  be 
obtained  by  finding  tho  largest  rero  tf  e  fourth  degree 
polynomtnal  and  then  solving  a  linear  ayatem  of  three 
equations.  In  preotloe,  thla  approach  Is  not  taken  alnoe 
the  veotor  equation  la  also  amenable  to  a  simple  suo- 
oeealve  substitutions  iteration  whloh  converges  rapidly. 
Thus  an  approximate  solution  Is  constructed  to  start 
the  Iteration. 

Whan  only  two  data  vsotora  era  given  the  leest 
squares  rotation  oan  bo  expressed  ■■  a  produot  of  two 
rotations,  eaoh  of  which  le  obtained  by  juxtaposing 
veotora  that  ara  linear  combinations  of  the  given  vec¬ 
tors.  The  eoalar  ooetfiolenta  of  these  linear  oombinatlone 


251 


are  explicitly  given  ae  ftmotlona  of  the  length*  and  dot 
product*  of  the  given  vectors,  Thla  method  yield*  the 
attitude  estimate  when  only  two  data  vector*  are  avail¬ 
able  and  provide*  the  flr«t  approximation  when  more 
than  two  vector*  have  been  measured, 

RESULTS  AND  PROBLEMS 

Attitude  error  signal*  from  the  experiment*  are 
not  available  on  the  present  OAO,  Therefore,  it  la  dif¬ 
ficult  to  aaoertatn  the  absolute  error  in  attitude  while 
under  stellar  oontrol.  However,  attitude  determination 
using  telemetered  glmbel  angle*  from  several  traoker* 
over  a  ten  minute  interval  usually  yields  residual  er¬ 
rors  of  one  aro- minute  or  less  (the  smallest  command 
increment  is  twenty  aro-seooada).  To  this 

precision,  however,  it  has  been  necessary  to  occas¬ 
ionally  re-evaluate  the  misalignments  b*tw**n  the 
traoker*.  More  elaborate  misalignment  models  are 
being  considered  to  eliminate  this  minor  problem  and 


to  improve  the  overall  aecuraoy.  Since  the  misalign¬ 
ment*  have  been  a*  good  as  thirty  arc-seconds  over  ex¬ 
tended  periods  it  is  felt  that  much  of  the  variation  can 
be  acoouated  for  with  GuUttlonal  parameters  in  the 
modal. 

In  the  following  table  are  the  results  of  fifteen 
typical  attitude  estimates  using  only  sun  **n*or  and 
magnetometer  data.  Column  ona  contains  tha  numbs  r 
of  data  potnta  uead  In  the  aitlmate-eaoh  data  point  giva* 
two  vaotora  (tolar  and  magnetic).  Tha  **oond  oolumn 
■hows  tbs  angular  separation  batw*an  tha  solar  and 
magnetic  vectors.  The  length  of  time  over  whioh  tha 
data  wars  taken  is  given  in  column  thros.  Columns 
four  and  five  give  tha  actual  angular  error  of  the  solar 
and  magnet lo  data  respectively  (the  attitude  obtained 
from  traoker  data  serves  a*  the  referenoe).  The  next 
two  oolumne  display  the  solar  and  magnetic  errors 
using  the  solar- magnetic  estimate  as  a  reference.  The 
last  oolumn  contains  tht  angle  of  that  rotation  neoeesary 


sxa 


No.  of 

Data  Points 

Angular 

Separation 

Duration 
mini  aeo. 

Aotual 

Sun  Error 

Mag.  Error 
Mean,  Max. 

Realdual 
Sun  Error 

Mag.  Residual 
Mean,  Max. 

Attitude 

Error 

a 

36  to  38 

0:47 

0.02 

3.9,  4.9 

0.18 

3.9,  4.8 

1.1 

a 

62 

84 

1)03 

0,86 

6.4,  8.6 

0.82 

8.8,  8.0 

1.1 

10 

32 

44 

1:80 

0.14 

3.6,  4.3 

0.20 

3.4,  4.4 

1.2 

11 

37 

29 

9:42 

0.06 

8.6,  4.0 

0,08 

8.2,  3.3 

1.8 

11 

88 

49 

2:21 

0.08 

4.7,  6.0 

0.37 

4.4,  6.6 

1.8 

14 

81 

82 

4:  IX 

0.06 

7.1,  9,8 

0.31 

8.8,  9.9 

2.8 

ia 

40 

80 

3:28 

0.86 

8.2,  3.3 

0.18 

2.3,  3.8 

0.B 

17 

37 

28 

3:86 

0.06 

3.4,  5.4 

0,16 

2.8,  8.3 

3.8 

18 

47 

26 

8:23 

0.08 

1.4,  3.3 

0.08 

1.4,  3.3 

0.8 

24 

82 

48 

7:82 

0.06 

4.8,  6.3 

0.30 

4.2,  6.0 

0.3 

28 

80 

107 

7:07 

0.38 

8.4,  8,4 

0.31 

8.4,  6.4 

0.8 

28 

88 

78 

7:82 

0,09 

8.1,  8.1 

0.32 

8.8,  8.1 

1.0 

28 

29 

41 

8:49 

0.88 

1.7,  3.4 

0.08 

2.2,  4.0 

1.8 

28 

81 

48 

8:34 

0.81 

6.1,  8.3 

0,33 

8.4,  8.4 

l.B 

28 

74 

61 

8:49 

0,86 

8.5,  8.1 

0.30 

4.7,  7.6 

2.1 

All  errors  and  angular  separation  are  iu  degrees. 

In  all  attitude  estimates  the  sun  sensor  data  was  given  a  weight  of  4  and  the  magnetometer  data  a  weight  of  1. 
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to  bring  the  solar- magnetic  estimate  In  agreement  with 
the  stellar  determination.  These  figures  clearly  show 
the  dispersion  in  the  magnetic  data  that  was  referred 
to  previously.  The  errors  range  from  as  good  as  our 
capability  to  predlot  the  magnetlo  veotor  (the  time  of 
the  data  Is  only  known  to  within  18  seconds)  to  a  (actor 
of  five  times  worse.  This  mskes  it  very  difficult  to 
determine  the  aooursoy  of  the  estimate  In  practice, 
especially  when  the  angular  separation  Is  poor  (lets 
than  twenty  degrees).  In  this  osee,  email  residual  er¬ 
rors  do  not  neoesaarily  mean  a  good  estimate.  On  tho 
other  hand,  a  separation  of  lees  than  twenty  degrees 
may  yield  a  good  eatimate  If  the  magnetlo  data  are 
good. 

It  is  rather  apparent  from  the  table  that  attitude 
estimates  based  upon  the  magnetlo  data  only  would  be 
quite  poor  in  general.  However,  we  made  such  an  es¬ 
timate  for  what  was  considered  to  be  the  best  case  (the 
one  with  eighteen  data  point*)  merely  to  see  what  type 
of  aoouraoy  could  be  obtained  by  this  method.  The  at¬ 
titude  error  In  this  case  was  0.88  degree.  Thus,  If 
the  larger  errors  in  the  magnetlo  data  can  be  elimi¬ 
nated,  useful  attitude  estimates  oould  be  obtained  while 
the  epaoeoraft  is  In  darkness. 

Of  the  thirty  soma  star  searches  attempted,  only 
three  have  felled  due  to  poor  attitude  estimate*.  The 
present  search  capability,  due  to  a  ground  constraint, 
la  about  3.0  degree*  whloh  la  the  maximum  error  of  the 
fifteen  oases  dlsouseed  earlier.  However,  in  the  fail¬ 
ure  oases  data  was  limited  to  a  small  interval  of  time 
where  the  angular  separation  was  also  small.  Two 
searahss  havs  also  failed  bsoause  one  or  more  traok- 
ara  looked  onto  wrong  stare  (a  bright  neighbor  of  tho 
aeleoted  star),  Normally,  loglo  aboard  the  OAO  pre¬ 
vent!  this  by  requiring  simultaneous  acquisition  of 
atars.  Thle  logio  whloh  is  aet  whenever  all  traokere 
lose  their  stars,  hae  been  by-paeead  several  time*  by 
ground  oommand*  when  It  was  apparent  that  stellar 
oontrol  had  been  lost  (only  one  traokor  tracking).  This 
action  la  Justifiable  In  that  it  also  prevents  further  loss 
of  oontrol. 

The  oooaslonal  large  errors  In  the  magnetic  data 
have  alerted  us  to  a  potential  problem  In  estimating 
attitude  from  multiple  data  representing  essentially 
only  two  dlreotions.  When  one  direotlon  is  weighed 
heavily  over  the  other  the  solution  Is  weak  In  one  di¬ 
mension  geometrloally  and  in  another  statistically,  Tho 
net  result  Is  that  there  I*  another  solution  (a  saddle 
point)  to  the  neoeseary  oonditlons  for  extremum  near 
the  desired  least  squares  solution.  This  Is  especially 
troublesome  for  small  angular  separationi. 

CONCLUSION 

In  every  reepsot,  the  present  OAC  mission  must  be 
ooneldersd  a  resounding  suooees.  Although  the  OAO  Is 
the  most  complex  scientific  satellite  ever  built  It  hae 
operated  almost  flawlessly  for  nine  continuous  months. 


The  ground  system  has  been  able  to  keep  the  satellite 
productive  around  the  clock  and  both  experimenters 
are  continuing  to  receive  valuable  eelentiflo  data.  The 
problems,  thus  far,  have  been  minor  and  solved  with 
work-around  procedures  on  the  ground. 

With  future  OAO  epaoeoraft  oarrylng  such  equip¬ 
ment  as  Integrating  as  well  as  ret*  gyros,  ultra  pre¬ 
cision  experiments,  and  an  on-board  computer  It  ap¬ 
pears  that  the  OAO  program  will  oontinue  to  offer 
challenging  and  exoltlng  possibilities  in  the  field  of  at¬ 
titude  determination  and  oontrol. 
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APPENDIX 


A  VECTOR  APPROACH  TO  WEIGHTED  LEAST  SQUARES  ATTITUDE  ESTIMATION 


Given  the  angle  of  a  rotation,  5 ,  and  the  rotation 
axle  defined  by  the  unit  vector  x  It  la  well  known  that 
the  matrix,  R,  of  the  rotation  can  be  expreaaed  as 


Z  * 


^2(T+ Un  •  TJ  U"  *T"  ' 


Rx(9)  =  coa  9  I  +  ( 1  -  cos  9 )  XXT  -  i in  9  X  ■  (1) 

Here  X  denotes  the  sk(  ■  -symmetric  matrix  formed 
from  the  components  of  X  such  that  for  any  vector  V, 

XV  =  X  x  V  (I  Is  the  3  *3  Identity  matrix  and  the  super¬ 
script  T  denotes  transpose).  Furthermore,  any  ortho¬ 
gonal  matrix  with  determinant  equal  to  plus  one  can  be 
expressed  In  the  form  of  Eq.  (1).  Except  when  other¬ 
wise  stated,  It  is  assumed  that  X  has  been  selected  so 
0  <  S  < n. 

If  >.  -  define  the  vectors  Y  and  Z  as 


where  U  =  |ul  u,  and  T  |T|  Tn.  In  other  words,  the 
angle  of  the  rotation  is  the  angle  between  U  and  T, 
and  the  rotation  axis  is  perpendicular  to  the  plane  con¬ 
taining  these  two  vectors.  If  |U|  -  |T|  than  U  =  RT, 
In  particular,  If  U  is  a  measurement  (including  error) 
of  vector  components  relative  to  a  looal  right-handed 
orthonormal  coordinate  system,  T  Is  the  sam.  physical 
vector  but  relative  to  a  fixed  reference  system  (also 
right-handed  and  orthonormal),  and  R  Is  an  estimate 
of  the  rotation  (attitude)  relating  the  two  systems,  then 
the  veotoi  error  that  can  be  corrected  by  a  rotation  Is 
given  by 


Y  =  tan  (9/2) X  ,  Z  =  sin(9/2)X. 


AZ 


^<l  MJn  •  RT„) 


(2) 


then  we  find,  by  standard  trigonometric  Identities,  that 
R  may  be  written  as 


The  quantity  U  -  RT  Is  the  error  In  a  true  vector  sense— 
It  cannot  be  removed,  In  general,  by  a  rotation. 


1 

T%— 


[(1  -  Y  •  Y)  I  +  2YYt  -  2Y]  . 


For  each  such  measurement,  U,,  there  corresponds 
a  AZ,.  Thus,  the  weighted  sum  of  "rotational  errors" 
squared  Is  given  by 


or 


R  =  ( 1  *  2Z  •  Z)  I  ♦  2ZZt  -  2/1-  Z  •  ZZ  . 

In  this  manner,  the  vector  components  relative  to  a 
rotated  system  can  be  expressed,  by  vector  relations, 
as  a  function  of  Y  or  Z  and  the  components  relative  to 
a  ilxed  system.  For  every  rotation  there  exists  a  Z 
vector,  uniquely  exoept  for  180  dogreo  rotations.  A 
unique  Y  vector  exists  for  any  rotational  matrix  whoso 
trace  Is  different  from  minus  one. 

With  the  above  definitions  It  then  follows  that  If 
T  and  U  are  any  two  vectors  the  rotation,  R,  which 
will  align  U  and  RT  with  the  minimum  angle  of  rotation 
can  he  expreaaed  by  the  Z  rotation  vector  aa 


hi 

f(R)  =  J2  A2t)Tpi  ‘•'A  '  <:i> 


where  m  la  the  number  of  measured  vectors  and  P,  Is 
tho  weight  matrix  for  the  I th  measurement.  If  P  p ,  I 
(p ,  a  scalar)  and  equation  (2)  is  substituted  into  equa¬ 
tion  (.1)  we  obtain 


KR)  22  'RV.)J  •  W 

l*  I 


1 54 


where 


» i  * 


P,  _Uj_ 

T  |u,l 


and 


The  matrix  AT  Ala  lymmetrio  and  positive- aeml- 
deflnlte.  Let  d’  denote!  the  1th  ordered 
>  d,1  >  0)  non-negative  eigenvalue  of  AT  A  oorreapond- 
og  to  the  normalised  eigenvector  Nt.  The  vector* 

AN,  (1  1,2,8)  then  oonatltuta  an  orthogonal  ayitem 

o*  vector*  with  I  AN,  I  *  d,.  Thus,  an  orthonormal  eye* 
tem  of  veotora  T,  (1  3  1,  2,  3)  oan  be  oonatruoted 
such  that  AN,  *  d,  T, .  If  d,  3  0  then  T,  may  be  any 
arbi  mry  unit  veotor;  otherwise 


Pi  T 

‘  ‘  T  IT, I 


The  function  f(R),  the  weighted  squared  errorj. 
is  minimized  when  the  funotlon 


i*  i 


r5  and  T,  are  then  similarly  constructed.  Let  N  and 
T  denote  the  orthogonal  matrloea  obtained  by  Juxtaposing 
the  veotora  N,  and  T,  respectively.  Then  from  the 
oonatruotlon*  above  It  follows  that  T" 1  AN  r  D,  where 
D  la  a  diagonal  matrix  with  antrloa  d ,  (ordered).  In¬ 
troducing  the  orthogonal  matrix  M  3  N*  *RT  (R  la  tha 
desired  least  squares  rotation)  we  find  that  the  expres¬ 
sion  tr(RA)  aa  a  funotlon  of  M  become* 


la  a  maximum.  This  expression  may  ba  written  aa 


21 R) 


£  (RV,)  »,t 

l«  i 


t r(RV |  W,T) 


r  R  £  V,  f  ,* 
_  !• 


tr(RA) 


tr(RA)  3  tr(NMT‘  A) 


tr(MD) 


For  M  orthogonal  and  d,>0,  the  maximum  value  of 
tr(RA)  is  obtained  when  M  3  I,  Sinoe  I  Mi  3  iNl  iRl  If,, 
R  will  be  a  rotation  matrix  whan  M=  IiflNl  |Ti  =  1. 

If  lN|  ItI  3  -1  then  the  maximum  value  of  tr(R  A)  for 
I  Rl  3  1  le  obtained  when 


where  tr  denote*  "trace  of'  and 


ft 


Hence,  the  least  square*  rotation  ia  obtained  by  maxi¬ 
mising  the  funotlon  g(R)  3  tr(RA)  . 

Except  for  notation,  Eq.  4  Is  the  same  an  the  equa¬ 
tion  In  Ret.  4  to  be  minimized  and  the  solutions  there 
mav  also  be  applied  to  Eq.  4.  There  la,  however,  con¬ 
siderable  difference  in  the  definition*  of  the  veotora 
used  In  the  equations.  As  applied  to  attitude  estimation, 
the  veotora  In  Ref,  4  are  dlreotlon  cosines  (although  the 
solution  aleo  applies  to  unnormallzad  veotora)  whereas 
here  they  are  generated  from  the  meature  manta  (nor¬ 
malized  or  not)  ao  as  to  minimize  the  weighted  rotation 
error.  The  following  solution  to  minimizing  Eq.  4  la 
similar  to  that  given  in  Ref.  4. 


This  latter  oaae  le  equivalent  to  changing  tha  sign  of 
Tj  In  the  definition  of  T.  Thua,  R  3  NT0  ,  where 
T0  3  (T,,T,,  | N I  |T|  Ts)  la  the  desired  solution  to  the 
least  squares  condition.  This  solution  can  easily  be 
generalized  fer  vector*  of  arbitrary  dimension*. 

When  only  two  measured  veotora  are  given  It  oan 
be  shown  that 

W,  * 

N}  r  I W,  .  xV/jl  ■ 

.  yVV» 

T’  ’  I  yv,  *  v,l 


w,  -  yf, 
lR,-y*,l 

*v,  -  V, 

I *v ,  -  V  j | 


N,  *  N,  sN, ,  and  T,  *  T|  x  T,  gives  the  least  squares 
solution  If  x  sad  y  satisfy  the  condition  x  +  y  . »  0  ss 
well  as  the  slmultaasous  equations! 

(V,  -V,)xy  ♦  (Vj  •  V,)<x-y)  -  V,  •  V,  »  0 

(V»i)  +  (V  »,0<x-y)  -  xy«a  •  » a  ■  0. 

The  solution  to  this  pair  of  equations  is  given  by 


If  Gq.  4  la  written  as  a  function  of  the  Y  rotation 
vector  and  the  oonditlons  tor  an  extremum  applied, 
the  resulting  three  scalar  equations  oan  be  expressed 
by  a  single  vector  equation  as 


*  ( 1  +  Y  •  Y)  Df.  •  Y)  W4  +  (*,  •  Y)Vj  +  H,  *V(]  • 


J 


with 

.  --  (Vj  *  Vj)  (»,*»,)  -  (v,*v,)  (•,  ••,)  . 

*»  3  (v,-v.)  (»,•*,)  ♦  {»,  •  »,)  (Vt  •  V,)  , 

c  -  (V«,  (Va  *  vt)  *  (vt .  Va)  (»,•».)  ■ 


Ref.  S  gives  a  solution  of  this  equation  whioh  requires 
obtaining  the  largest  aero  of  a  fourth  order  polynomial 
and  than  solving  a  linear  system  of  three  equations.  It 
has  also  been  solved  auooeaafully  by  a  suooeaslve  sub¬ 
stitutions  iteration  (divide  both  sides  of  the  equation  by 
the  ooafflolent  of  Y  on  the  left  side).  In  this  oase,  the 
Vt  are  first  rotated  by  an  approximation  of  R.  The 
rotation  corresponding  to  Y  Is  then  the  oorreotlon  to 
the  approximation  necessary  to  obtain  the  least  squares 
solution, 
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ATTITUDE  DETERMINATION  AND  PREDICTION  FOR  A  CLASS 
OF  GRAVITY -STABILIZED  SATELLITES 


M.  0.  Lyon*  and  S.  D.  Scott 
Lockheed  Missiles  k  Space  Company 
Sunnyvale,  California 


ABSTRACT 


A  relatively  straightforward  procedure  for  determining  and 
pradlotlng  the  attitude  of  gravity  etabiliaed  eatellitee  from  incomplete 
attitude  Information  is  presented.  The  satellites  considered  were  serai- 
pas  slvely  stabilised  with  viscously  damped  control  moment  gyros. 

Closed  form  solutions  for  determinin''  gyro  paramateru  through  flight 
data  processing  and  for  obtaining  vehicle  yaw  measurements  from  sun 
sensor  data  are  given.  Techniques  for  processing  on-orbit  flight  data 
and  obtaining  perturbed  responses  are  described  which  permit  evalu¬ 
ation  of  the  vehicle  torque  environment  using  minimum  squared  error 
criteria.  Finally,  flight  data  from  a  reoent  ssrles  of  gravity-stabilised 
satellites  is  presented  with  a  comparison  of  on-orbit  versus  prslaunch 
parameters  and  a  demonstration  of  the  modelling  aoouraoy  and  effective¬ 
ness  of  the  attitude  prediction  method. 


SYMBOLS 

Total  external  torque  (3  x  1) 

External  torque  exolusive  of 
gravity  torque  (3  x  1) 

Oravlty- gradient  torque 

MQ  ■  3k  R  x  IR/r3  (3  x  1) 

Satellite's  rigid  body  portion  of 
angular  momentum  H0  •  Ig  (3  s  1) 

Total  time  derivative  of  with 
respect  to  inertial  space 

Hg  »  IS)  +  wxlui(3xl) 

Total  angular  momentum  of  the 
CMGs  (3  x  1) 

Total  time  derivative  of  H  with 
respect  to  inertial  space 

H  ■  H  f  (*x)  H  (3  x  1) 


H  Time  derlvate  of  H  with  respect  to 

body  axes  (3  x  1) 

1  Satellite's  rigid  body  moment  of 

Inertia  matrix  (3  x  3) 

*  Angular  velocity  of  body  (3  x  1) 

*  Total  time  derivative  of  w  with 
respect  to  Inertial  space 

UleX+itlxUUeW(3xl) 

R  Unit  radius  vector  (3  x  1) 

r  Magnitude  of  radius  vector 

k  Earth's  gravity  field  constant 

k  ■  1.4077  x  10i6ft3/ssc* 

(lux)  Cross  product  matrix  of  w  (3  x  1) 

(Rx)  Cross  product  matrix  of  R  (3  x  1) 

A  Direction  cosine  matrix  relating 

the  body  frame  relative  to  the  orbital 
reference  frame  (3  x  3) 


■£_.  Relative  angular  velocity  between 

u  the  body  frame  and  the  orbital  frame 

wD  ■  ill  •  Aidr  (3  x  1> 

tsD  Angular  velocity  of  orbital  frame 

R  WRT  (X  ,  Y  ,  Z_)  {3  x  1) 

0  0  0 

(ui^X)  Croat  product  matrix  of  u>g(3  x  3) 

(ujrX)  Croat  product  matrix  of  U)R  <3  x  3) 

aL  Olmbal  angle  of  CMO^ 

Viacoua  gain  of  CMO^ 

Kt  Spring  conatant  of  CMO^ 

t,  Olmbal  torque  due  to  torque 

1  generator  and  drift  on  CMG^ 

t 

0,  Tranapoee  of  the  unit  vector 

repreaenting  the  output  axle  of 
CMCj  (1  x  3) 

I  .I  I  Principal  momenta  of  inertia 


wx,uly,  ua  Componenta  of  id  w.  r.  t.  body  axea 

H  iH  >H  Componenta  of  Hw.  r.t.  body  axea 
x  y  a 

h.,  h.  Magnitude  of  angular  momentum  of 
1  *  CMQj.  CMQ2 

Ajj,  Ajj.  A33  Componenta  of  A 

M  (M  M  Components  of  M  w.  r.  t.  body 
*  y*  *  axee 

0  Vee  angle  •  one  half  the  total  ln> 

eluded  angle  between  the  apln  axea 
of  the  two  CMQt  in  the  vertical 
VCMO  ayatem 

ill  Average  orbital  angular  rate 

L  ui  ■  2(1/ Period  (scalar) 

o 

c,  e  Abbreviation  of  coaine,  tine 

a  Eccentricity  of  the  orbit 

ii  True  anomaly 

E  Unit  3x3  matrix  (3  x  3) 


I.  INTRODUCTION 

The  aucceaa  of  many  eatellite  mltaione 
depende  on  how  well  vehicle  attitude  ia  control¬ 
led  or,  at  leaat.  on  how  well  it  ia  known. 
Employing  an  attitude  determination  ayatem  la 
often,  a  a  pec  tally  for  paaalve  and  aemi-paaaive 
control  ayatema,  the  moat  coat -effective  way 
of  performing  role  a  ion  objectives.  Over  the 
paat  year,  aueh  a  ayatem  haa  bean  aucceaafully 
uaed  to  eatlmate  and  predict  the  attitude  llbra- 
tiona  of  a  gravity -stabilised  Agena  satellite  in 
a  low  altitude  orbit.  Satellite  motion  waa  con¬ 
trolled  with  a  pair  of  viacoualy-damped  control 
moment  gyroa  placed  in  a  vertical  vee  confi¬ 
guration  (Refa.  1,  2,  and  3).  Although  four 
gyroa  were  available  for  redundancy,  two  were 
normally  operated  at  one  time.  Attitude 
aenalng,  la  pitch  and  roll,  waa  provided  by  a 
dual-haad  horiaon  aenaor,  and  aome  yaw  Infor¬ 
mation  waa  provided  indireotly  by  three  aun 
aenaor  unita.  All  aenaor  outputs  were 
contaminated  with  noire  from  both  on-board 
ayatema  and  down-link  telemetry  proceaalng 
auch  that  point wiea  attitude  readings  were 
unreliable.  Furthermore,  the  aun  waa  not 
alwaya  viaibla  from  the  aatelllte  which  made  it 
impoaaible  to  calculate  yaw  dlreotly  from  the 
aenaor  data  throughout  each  orbit.  Since 
qualification  of  additional  flight  control  hard¬ 
ware  waa  neither  forcible  nor  warranted,  an 
attitude  determination  ayatem,  employing 
ground  data  proceaalng,  waa  developed. 

Although  the  eolutlon  to  thia  problem, 
aa  poaed,  can  be  obtained  in  a  very  abatraot 
netting,  it  la  the  purpoae  of  thia  paper  to  pre¬ 
sent  a  relatively  straightforward  method  of 
eolutlon  and  to  give  reaulta  obtained  from 
proceaalng  actual  flight  data.  The  contribution 
ia  not  one  of  new  theoretical  work  but  rather 
one  of  intereating  experimental  reaulta. 

The  attitude  determination  ayatem  to  be 
described  employs  a  model,  Implemented  with 
a  digital  computer  simulation,  of  the  gravity- 
stabilised  eatellite  and  the  environmental  dis¬ 
turbances  due  to  magnetic,  solar,  and  aero¬ 
dynamic  interactions.  In  order  that  the  simu¬ 
lation  accurately  portrays  actual  vehicle  motion, 
parameters  describing  the  spacecraft  must  be 
determined.  Usually,  such  parameters  aa 
center  of  gravity,  CMC  angular  momentum, 
and  vehicle  momenta  of  inertia  are  accurately 
known.  Also,  intensities  of  external  distur¬ 
bances  auch  aa  solar  pressure,  aerodynamic 
effects,  and  magnetic  fields  can  be  calculated 
for  particular  orbits  of  interest.  What  is 
unknown  about  the  ayatem  are  those  parameters 
describing  the  interaction  of  the  vehicle  with  the 
environment, e.  g  ,  area  and  magnetic  momenta, 
and  drag  cut  indents,  Once  the  satellite  is 
placed  in  orbit,  however,  observed  vehicle 
motion  can  be  used  together  with  the  simulation 
to  estimate  these  unknown  parametere.  Since 


A  «>  -  (#dX)A 

A  ■  -  <(#X)A  +  A(uiRX)i  U) 


the  second  line  of  Eq.  (2)  come*  about  through 
the  similarity  transformation  of  A  on  the  cross  - 
product  matrix  (uurX),  coordinating  it  in  the 
body  frame  rather  than  the  orbit  frame. 


With  the  body  frame  eeleeted  to  coincide 
with  the  eateilite'e  principal  axe*,  the  moment 
of  inertia  matrix  1*  diagonal  with  element* 

I  ,  1  ,  I  ,  to  that  Eq.  (1)  can  be  written  ae 
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If  the  orbital  motion  ie  that  of  the  vuidleturbed 
central  force  field  two-body  problem  where  the 
earth's  oblateneee.  atmospheric  drag,  ion  and 
moon  effecte  are  ignored,  the  angular  velocity 
of  the  orbital  reference  frame  beoomee 


equation  it  scalar.  The  effect  of  the  polar 
moment  of  Inertia  of  the  gyro1*  gtrnbal  can  be 
neglected,  elnce  the  normal  glmbal  time  eon- 
etant  1*  in  the  order  of  milliseconds  while  the 
vehicle  time  constant  la  in  the  order  of  kilo* 
eeconde.  The  equation  of  motion  for  the  1“ 
CMO  (CMOp  i* 


Diffi  +  Ktffl  “  V  °i 


(7) 


Equatlone  (3)  and  (7)  can  now  be  written 
explicitly  for  the  roU-ekewed  VCMQ  system, 
Tor  this  system,  the  X- component  of  H  le 
■ero,  since  the  output  axa*  of  each  gyro  U* 
along  the  roll  or  X-axie.  Assume  that  both 
gyros  are  oriented  symmetrically  above  and 
below  the  minus  Y-axis,  in  the  vertical  plane, 
by  the  angle  ft  and  CMO.  has  its  output  axle 
along  negative  X-axis  with  its  spin  above  the 
horisontal  plane, and  CMO 7  has  its  output  axle 
along  positive  X-axis  with  its  spin  below  the 
horisontal  plane  (rig.  l)>  The  angular  momen¬ 
tum  of  each  CMO  is  then 


Thus  the  set  of  equatlone  that  specify  the 
dynamics  of  the  roll-skewed  VCMO  system  1* 
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CMO  dynamics  may  also  be  derived  from  Euler's 
equation  of  motion.  Since  the  CMC  le  constrained 
to  rotate  only  about  its  output  axis,  its  dynamic 
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1.  •  1.*,  *  Uy  '  V  V, 


ho  <d  •  hc^  m°z> 

■\h  (o{»  -ffj)  +  b(l  -  ff2)j 


Evaluating  (11)  at  n  discrete  time*,  letting 


♦iV*1*-*,*.'  I.  I. 


*  7*  " Ix>  am  , 


ud  weighting  the  parameter!  equally,  (11)  is 
inverted,  for  minimum  squared  error  (Ref.  6) 
bj* 
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where  the  electrical  torque  generator  eommanda 
on  each  OMO.  t.  ,  t,,  are  adjusted  to  oauee 
the  gyro  glmbal  to  operate  about  ite  null.  With 
theee  result* ,  some  preliminary  flight  data 
prooeesing  may  be  accomplished. 


HI.  INFORMATION  OBTAINED  DIRECTLY 
FROM  FUOHT  DATA 

A.  Ovro  Parameter* 


Before  evaluation  of  the  interaction  of  the 
epaoeoraft  and  the  environment  can  be  accom¬ 
plished,  modeling  tor  the  control  system  must 
be  made  more  precise.  Although  the  structural 
properties  of  th*  vehicle  are  usually  known  quite 
accurately  prior  to  launch,  the  gyro  parameters 
are  subject  to  large  uncertainty  since  accurate 
measurements  in  earth  gravity  are  not  valid  for 
this  type  of  gyro.  Therefore,  it  is  advantageous 
to  calculate  the  damping  coefficients  and  torque 
generator  biases  for  the  CMO's  installed  in  the 
spacecraft.  Th*  calculation  proceed*  by  eli¬ 
minating  tsa  from  Eq.  (10),  which  yields  for  aero 
spring  oonstant,  Kj, 
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All  quantities  except  (D.,  D.,  t, ,  r-,1  are 
known  functions  of  time.  A  unique  solution  for 
th*  unknown  parameters  is  obtained  whan  (11) 
is  evaluated  at  four  or  more  discrete  times. 

With  gyro  characteristics  determined,  (10) 
can  be  used  to  oomputa  uia,  whence  yaw  follows 
by  integration.  The  integration  constant  is  not 
known,  however,  so  that  the  yaw  obtained  is 
only  th*  oeoiUatory  component,  denoted  f.  It 
can  be  shown,  in  faot,  that  yaw  motion  is  not 
observable  from  just  horiaon  sensor  and  gyro 
gimbal  data.  Both  T  and  gyro  parameters  arc 
subject  to  errors  in  CMQ  modeling.  Deviations 
from  an  ideal  gyro  such  as  spring  restraint  and 
glmbal  stiektlon  effects  could  Introduce  appre¬ 
ciable  errors  into  th*  calculation.  Furthermore, 
the  gyros  used  for  this  particular  system  are 
known  to  possess  strongly  temperature  dependent 
damping  coefficients,  D..  The  solution  (11), 
then,  must  be  eonslderm  to  describe  average 
system  parameters  and  not  to  give  valid  point- 
wise  evaluation  of  gyro  performance.  The  only 
method  for  eliminating  th*  bias  error  from  f, 
and  hence,  deteimine  system  yaw,  ir  to  provide 
independent  yaw  measurement  at  dineret*  times 
throughout  th*  orbit.  To  this  cud,  a  sun  sensor 
is  employed  and  th*  neeeusary  data  prooeesing 
Is  now  described. 
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B.  Construction  of  Yaw  From  Sun  Senior 

Data 

Before  any  sun  direction  sensor  system 
c»n  b«  usod  to  determine  yaw  attituda.  a  tun 
reference  diraction  must  be  established.  To 
thl*  and  eatellit*  and  aun  ephemerides  ara  con¬ 
structed  which  ara  valid  over  tha  time  span 
whan  sun  aanaor  data  la  avallabla.  Tha  sun 
direction  can  now  ba  defined  with  raspact  to 
orbit  rafaranca  ax  a  a  (X  .  Y  ,  Z  )  aa  shown  in 
Fig  2.  This  diraction  “a,  of  Auras,  inda- 
pandant  of  vahiola  attitude-  Thi  aun  aanaor  data 
may  now  ba  introduoad.  For  tha  experiments 
considered  hare,  tha  aanaor  hardwara  coneiatad 
of  three  sensor  heads,  aaoh  with  a  pair  of 
orthogonal  reotlolea  positioned  over  a  gray  coded 
light*aensltlve  surface,  oriented  at  various 
angles  to  the  vehicle  body  frame.  Attitude  and 
aslmuth  readings  from  tha  reticles  ara  converted 
to  diraction  oosinas:  the  aun  direction  la  than 
transform  ad  to  tha  vahiola  body  frame  (X^  Y_  ZJ 
through  a  sat  of  Euler  rotations  apacifiotrby'the0 
alignment  of  tha  appropriate  aanaor-  Finally, 
tha  aun  direction  in  tha  body  frama  is  trans¬ 
formed  to  a  control  frame  (X  .  Y  .  Z  )  defined 
as  tha  body  francs  with  pitch  Ind  rolf  rotations 
removed,  i.  a.,  a  rafaranca  frama  including 
only  tha  yaw  rotation  about  tha  looal  vertical. 

The  relevant  geometry  is  shown  in  Fig.  2.  Tha 
vahiola  horiaon  aanaor  pitch  aud  roll  time  history 
determines  this  last  transformation  everywhere 
in  tha  orbit.  Tha  aun  direction  is  now  projected 
onto  the  osculating  plans  of  tha  orbit  in  both 
orbit  and  control  rafaranca  axes.  If  S.  and  3L 
denote  these  projections  than  vahiola  yaw  is 
aim  ply 

*  "  *o ' ' ♦  o' ,un'  * | '  twl* 1  .  (14) 


Fig  2.  Yaw  Determination  Oeometry 


The  oscillatory  yaw  component.  ?,  discussed  in 
the  previous  section,  can  now  ba  combined  with 
tha  meaeured  yaw.  which  may  ba  provided  only 
infrequently  throughout  an  orbit.  To  determine 
the  bias  or  eonatant  yaw  offaat,  ♦  -  V  Is  made 
small  in  tha  aanaa  of  minimum  aquarod  error 
following  Eu.  (13).  Tha  computed  blae  can  than 
ba  added  to  f  giving  a  yaw  time  hlatory  valid 
over  tha  entire  orbit. 

Although  simple  to  Implement,  tha  aun 
aanaor  technique  of  yaw  determination  poasesaea 
acme  sarloua  shortcomings.  Errors  introduced 
into  tha  computation!  from  inaoeUrata  ephemerl- 
das  ara  uaually  leas  than  0.  1  deg;  tha  principal 
errors  ars  dus  to  sensor  quantisation  error  and 
uncertainty  In  seneor  alignment  on  tha  vehicle. 
For  tha  praaant  system  outputi  in  0.  3  dag 
increments  with  interpolation  to  0.  23  dag  ware 
available  and  tha  leaat  squares  estimation, 
bstwesn  f  and  ^.reduce*  this  error.  Seneor  mis  - 
alignment  uncertainty,  tha  moat  aarloua  error, 
muat  ba  determined  on-orblt  while  tha  vahiola  la 
etabiliaod  to  a  known  attituda  in  three  axes  using 
a  control  syatem  other  than  tha  CMQ'a,  If  auch 
a  calibration  cheek  cannot  ba  mada,  there  la  no 
way  to  determine  actual  aanaor  alignment  alnoa 
vehicle  and  aansor  yaw  blaaaa  are  Indistinguish¬ 
able.  For  tha  data  given  In  Section  V,  no  auch 
alignment  check  waa  possible  and  alignment 
information  from  pre-flight  maaiuremanta  waa 
employed.  Tha  error*  observed  are  dlaousaad 
in  Section  V. 


IV.  PERTURBATION  METHODS 

One*  tha  oharactariatloa  of  the  Control 
Moment  Qyroa  are  obtained  (Seotlon  IlD.it 
remains  to  dsscrlb*  ths  Interaction  of  the  dis¬ 
turbance  environment  with  tha  latelllt*.  The 
effects  of  solar  pressure,  aerodynamic  drag, 
and  the  earth1*  magnetio  field  muet  be  eonelderad. 
Thue,  area  momenta  and  magnetic  momenta  must 
be  identified  for  each  vehicle.  If  eolar  pressure 
disturbances  are  not  accounted  for  directly  In 
the  dynamic  model,  additional  axternal  torque* 
may  have  to  be  determined.  The  baeic  per¬ 
turbation  tachnlqu*  for  accomplishing  thsss 
tasks  will  now  bt  described. 

Flight  data  for  tha  orbiting  satellite 
giving  vehicle  roll,  pitch,  and  CMO  glmbal 
angles  as  functions  of  time  over  one  complete 
orbit  is  obtained,  Some  additional  detail*  of 
the  (light  data  proceeding  will  be  g./an  in  the 
next  lection.  For  convenience  tn  handling  this 
date,  these  time  functions  ars  converted  to  the 
frequency  domain  with  a  modified  Fourier  scries 
such  that 

3 

*U>  ■  a0  ♦  £  ajcos^it 
l«l 

"h-TT  '  (19) 


262 


where 


* 

^(t)  is  the  flight  date  vector  end  t  ii  time,  Pj  =  Oj 

ueuelly  taken  from  the  aecendlng  node. 

7  (20) 


The  calculation  ie  affected  over  a  eat  of  time 
point*  by  rawrltinB  U5): 


X" 


■  Ax 


(16) 


where  x  la  the  vector  of  coefficient*  a.,  b. ,  *o 
that  ”  11 


Theee  parameter*  are  eat  lu  the  ei- 
mulation  and  the  vehicle  reepone*  to  all  the 
perturbation*  la  observed.  If  thle  reepone* 
match**  flight  data  within  allowable  limit*, 
modelling  it  complete  and  eetimation  and  pre¬ 
diction  of  attitude  motion  lo  aocompliehed  by 
running  the  eimulation.  If  not,  thle  motion, 
generated  by  P,,  ia  uted  aa  a  new  x  ,  and  the 
procedure  using  (18)  1*  repeated  until  the  tlmu- 
lated  and  actual  motiona  agree  to  within  an 
acceptable  error  bound.  Aotual  procat  ting  hat 
thown  that  more  than  on*  or  two  iteration*  pro¬ 
duce  little  improvement  in  the  fit, 


x  ■  (A1  A'*1  A*£ 


(17) 


for  an  unweighted  minimum  squared  error 
(Ref.  6).  The  eatalllt*  motion  due  to  diaturbanca* 
can  now  be  evaluated. 

Perturbation*  to  eatalllt*  motion  are 
found  uaing  a  dynamical  eimulation  of  the  non¬ 
linear  aquation*  of  motion,  Syatam  reepone* 
over  the  orbit  rapraianted  by  the  flight  data  U 
converted  to  a  eet  of  modified  Fourier  co¬ 
efficient*  given  by  (17).  Let  the  baaic  lib- 
ration*  due  to  ecoentrlcity  be  given  by  co¬ 
efficient*  for  araa  moment*  *ax'34Y'£az' 
and  for  magnetic  moment*  *Mx'£mY  -MZ 
The  coefficient*,  which  will  be  referred  to 
generally  ae  x.,  are  produced  with  a  nominal 
perturbation  T*.  g, ,  area  moment)  Pj,  repeated 
elmul.tlon  rune,  and  application  of  (17).  U 
the  eyetem  l*  aeaumed  linear,  it  ia  then 
poeelbl*  to  writ* 


V.  SYSTEM  PERFORMANCE 

The  flight  data  reaulte  given  below 
include  evaluation  of  the  fitting  and  eimulation 
procedure  for  a  four-hundred  orbit  time  apan. 
System  parameter*  were  Initialised  with  the 
fitting  procedure  for  orbit  742.  The  flight  data 
and  the  simulated  response  uaing  parameter* 
obtained  with  the  perturbation  technique  are 
shown  in  Fig.  3.  Table  1  gives  a  numerical 
evaluation  of  the  error*  between  the  flight  and 
simulated  reepone**.  Specific  time  points  are 
not  shown  for  the  flight  data  in  that  this  data 
ha*  been  processod  to  remove  telemetry  channel 
noise.  The  most  noticeable  error  in  the  fit  1* 
between  proceeded  flight  yew  end  simulated 
yew.  A  bias  on  the  order  of  0.  5  dag  cen  be 
obeerved.  This  1c  principally  due  to  the  new 
seneor  miealignment  uncertainty  previously 
discussed,  Figure*  4  and  S  Illustrate  the 
deterioration  of  the  simulation  over  eubeequent 
orbit*  773  and  1142,  a  full  400  orbits  beyond 
the  initial  fit,  end  Tebl*  2  give*  sn  evaluation 
of  the  errors  between  eimulation  and  flight 
data, 


M 


(18) 


where  the  a ' s  are  to  be  determined. 

Uelng  a  quadratic  error  criterion, 
(18)  i*  solved  in  the  presence  of  noise  and 
model  inaccuracies  by 


,  t  .it 
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where  the  x,  are  the  column*  of  X,  Hence,  the 
desired  veMol*  parameters  are  given  by 


The  deterioration  In  simulation  accuracy 
as  on*  moves  away  from  the  initial  orbit  it  due 
to  errors  in  modelling  the  system.  To  examine 
this  problem  consider  the  comparison  of  eyetem 
parameter*  given  in  Table  3  for  orbits  742  and 
1142.  The  first  column  gives  the  results  of 
the  fit  on  742,  and  the  second  column  presents 
remit*  of  a  refit  don*  on  1142.  Notice  there 
l*  a  substantial  increase  in  gyro  damping 
coefficients  (four  gyro*  were  operating  through¬ 
out  this  work).  The  nominal  damping  coefficient, 
based  on  ground  measurement*,  1*  D,  *  1. 67 
ft-  lb-  **c,  Oround  measurement*  of  thlo 
parameter  cannot  be  mad*  closer  then  *S0%, 
however,  no  that  the  result*  obtained  for  742 
ere  not  unreasonable.  The  gyro  compartment 
was  exposed  to  full  sun  on  742  and  wa*  partial¬ 
ly  shaded  on  1142  which  would  cause  an  In¬ 
crease  In  damping  for  th*  latter  orbit.  (The 
temperature  differential  wa*  20*C.)  Additional¬ 
ly,  aging  on-orbit  for  this  type  gyro  ha*  been 
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F-kOCESSED  FLIGHT  DATA 


Table  1.  Error*  in  Initial  Fit, 
Rev  742 


Mean 

Std  Dav 

Max  Error 

RoU 

.0286 

.  0544 

.3083 

Pitch 

-.0750 

.1542 

-.789 

Yaw 

-.0373 

.1141 

-.4919 

CMOl 

-.0101 

.0734 

-.  2705 

CMQ2 

-.0073 

1.0625 

.2396 

CMQ3 

.0186 

.1133 

.5985 

CMQ4 

.0127 

.0965 

.5246 

SIMULATED  RESPONSE 


AH  «rror*  In  degree*. 

Tablo  2.  Error*  in  Predicted 
R*»pon**» 

Rav  773 


Mean 

Std  Dav 

Max  Error 

Roll 

.  1031 

0.0818 

.  2230 

Pitch 

-.3673 

0.  3669 

O 

o* 

o 

o 

• 

Yaw 

-.  2947 

0.  1202 

6742 

CMOl 

..  0104 

0.  1756 

-.  3158 

CMOl 

.  0431 

0.  1631 

.  3242 

CM03 

.0564 

0. 1822 

.4118 

CM04 

.  1423 

0.  1630 

.4955 

Rav  1142 

RoU 

0.  1 

0.  09 

.  29 

Pitch 

0.  05 

1.  09 

-1.  88 

Yaw 

0.  7 

.  76 

•  2.02 

CMOl 

•  0.4 

.  80 

•  1.91 

CM02 

-0.  4 

.74 

•  1.  81 

CM03 

•  0.  8 

.46 

•  1.  58 

CM  04 

•  1.  2 

.43 

-1.  87 

obearved  to  create  aavar#  itioktlon  problem*. 
Sinoa  itioktlon  1*  not  explicitly  modalad, 
variation*  in  damping  will  attampt  to  account 
for  thia  affact. 

For  thia  tatallita,  oloMd-loop  calculation 
of  *olar  pro* aura  ditturbanea*  wa*  not  avail* 
abla,  and  th**a  torque*  war*  addad  opan-loop 
for  orbit  rata  and  twlo*  orbit  rata  tarm*  aa 
ihown  in  Tabla  3.  Thl*  modeling  arror 
remit*  In  the  wld*  variation  of  the  *olar  torque* 
and,  coneequently,  of  the  magnetic  torque*. 

At  th*  flight  altitude*  u*ad,  eyatam  raaponaa 
wa*  quit*  inaunaitiv*  to  change*  in  yaw  area 
moment* .  Thu*  the  deviation  in  thi*  quantity 
i*  not  unexpected. 


5  as 
t.  0.00 


5  180.00 


177.50 1 -  ■  "  '  .  ■ 

I _ I _ I _ I _ I _ L_J _ i _ L.  i  1  i 

1450  1550  1450  1750  1850  1950  2 

TIME  X  10' 

Fig.  i.  Flight  Data  and  Simulation  for  a  Fit 
on  Orbit  742 
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Table  3.  Vehicle  Parameter*  for 
Orbit*  742  and  1142 


Para¬ 

meter 

742 

1142 

Dj  ft-lb-»*c 

1.  33 

2.  71 

D2 

2.  03 

2.  36 

°3 

1.  72 

2.  35 

°4 

1,  89 

2.  35 

Tj  rad/ sec 

•  4.  03xl0*4 

-4.  09xl0*4 

T2 

-3.  85xl0*4 

-3.  91xl0*4 

T3 

-6.  82xl0*4 

-6.  93xl0"4 

T4 

-6.  60x10  4 

-6.  80xl0*4 

roll  torque: 
constant 

7.  0x10*® 

-0.4xl0*8 

ft -lb  cut  t 

0 

-3.  OxlO*5 

-9.8xl0*5 

oirt 

o 

-1.3xl0’5 

3.  2xl0‘5 

•ULfc 

0 

- 1.  6xl0"4 

-3.  3xl0"4 

■  lilt 

0 

-0,  3xl0"S 

0.  8xl0*5 

area 

moments:  x 

951 

858 

ft3  , 

-512 

-227 

magnetic  Mx 

5.  OxlO*4 

7.  4xl0*4 

moments  M 

y 

0.  9xl0'4 

3.  3xl0'4 

ft -lb/ 

oerst  M 

3.  OxlO*4 

-i.  3xlO*3 
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In  conclusion,  it  ha*  been  «een  that  even  for 
simplified  gyro  and  environmental  modeling, 
the  capability  of  the  simulation  i*  characterised 
by  fitting  mian  errors  lea*  than  0.  1  dag  and  by 
attitude  prediction  error*  of  le**  than  1.0  deg 
moan  over  a  four-hundred  orbit  span.  Further¬ 
more,  gyro  parameter*  determined  during  the 
fitting  proceae  agree  with  relatively  Inaccurate 
measurement*  made  in  the  earth's  gravitational 
field,  and  exhibit  behavior  which  can  be  at  least 
qualitatively  explained.  For  many  mission*  of 
interest,  such  prediction  and  determination 
capability  1*  of  definite  value.  The  raault*  are 
especially  important  if  the  vehicle  horison 
sensor*  should  fail.  For  such  an  occursncs, 
mission  life  might  be  greatly  extended  with  the 
prediction  system.  Moro  precise  modeling  of 
course  will  improve  the  accuracy,  and,  in  fact, 
prediction  to  the  above  accuracies  was  made  for 
time  span*  on*  order  of  magnitude  larger  than 
those  given  here. 
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ESTIMATION  AND  PREDICTION  OF  THE  ATTITUDE  OF  A  PASSIVE  GRAVITY  STABILIZED 
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ABSTRACT 


Eieential  to  the  eetimation  and  prediction  technique  ii  the 
•election  of  a  iimple  observable  aet  of  aatellite  parameters  which, 
if  known,  pemiti  the  disturbance  torques  to  be  approximated.  The 
values  of  the  parameters  were  established  by  analysing  a  large 
number  of  imperfect  observations  and  the  attitude  was  subsequently 
calculated  by  integration  of  the  equations  of  motion.  A  significant 
result  of  the  study  is  thet  the  parameters  can  be  estimated  solely 
from  solar  aspoct  information, 

The  technique  was  evaluated  by  a  simulation  study.  The 
simulated  satellite  was  assumed  to  be  in  a  polar  orbit  at  an 
altitude  of  1400  km  and  to  have  solar  aspect  sensors  digitized 
to  have  a  sensitivity  of  0,5*  per  digit.  The  results  indicated 
that  past  attitude  history  could  be  estimated  to  within  0.1*. 
Application  of  the  technique  to  long  range  prediction  produced  the 
•Mie  errors  In  rerth  pointing,  but  the  yaw  errors  wero  approximately 
doubled. 


I .  INTRODUCTION 

The  accuracy  of  any  attitude  determination 
scheme  depends  upon  the  accuracy  of  the  satellite 
attitude  sensor*  and  upon  the  technique  employed 
to  proceas  their  readings.  Measurements  taken  at 
a  given  Instant  contain  random  orrors ,  and  con¬ 
siderably  better  accuracy  can  be  achieved  when 
some  smoothing  technique  is  applied,  An  efficient 
smoothing,  or  attitude  estimation,  scheme  can  he 
based  on  the  premise  that  the  steady-state  motion 
can  be  computed  when  the  variation  of  tho  external 
disturbance  torque*  with  time  ii  known.  Succeie- 
ful  implementation  requiros  that  the  satellite 
dynamics  and  environment  be  known,  and  that  suffi¬ 
cient  information  can  be  obtained  from  observing 
the  attitude  motion  to  deduce  those  remaining 
unknown  quantitiet,  such  as  the  residual  magnetic 
dipole,  essential  to  the  calculation  of  the 
disturbance  torques. 

The  estimation  scheme  is  readily  applied  to 
improving  the  knowledge  of  the  attitude  motion  of 
passively  controlled  satellites,  In  theory,  the 


scheme  cen  be  applied  regardless  of  the  type  of 
control  system  in  use.  However,  passive  systems 
are  unique  in  that  they  are  subject  only  to  forces 
caused  by  interaction  with  the  environment.  In 
contrast,  actlvo  systems  are  subject  to  forces 
caused  by  less  predictable  control  activity. 
Furthor,  since  the  disturbances  to  passive  satel¬ 
lites  ore  almost  exclusively  steady  or  periodic, 
it  should  bo  possible  to  predict  future  attitude 
motion  bast'd  on  tho  analysis  of  past  attitude 
history,  If  it  Is  required  that  a  satellite 
direct  its  sensors  earthward,  tho  natural  choice 
of  passive  attitude  control  is  gravity  stabiliza¬ 
tion.  In  addition  to  long  life,  zero  power 
consumption,  and  excellent  reliability,  this 
stabilization  technique  provides  a  vibration-free 
sensor  platform  with  angular  rates  much  lower  than 
its  active  counterparts . 

Attitude  estimation  and  prediction  has 
already  been  demonstrated  by  Stott  and  Rodden 
(Ref,  1)  who  analyzed  the  motion  of  a  gravity  sta¬ 
bilized  satellite  that  used  control  moment  gyros 
to  provide  damping  and  yaw  stiffness.  The  present 
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study  was  initialed  to  determine  the  feasibility 
of  applying  estimation  techniques  to  predict  the 
attitude  of  a  completely  passive  gravity  stabi- 
lited  satellite,  The  aims  of  present  study  differ 
somewhat  from  those  of  Scott  and  Rodden.  In  par¬ 
ticular,  major  objectives  of  the  present  study  are 
to  compare  the  ostlmatlon  accuracy  for  various 
sets  of  instruments  and  to  determine  the  simplest 
set  of  instrument  sufficient  to  yield  the 
necessary  information. 

More  specifically,  the  estimation  technique 
waa  applied  to  an  inertially  coupled  aatellite 
that  relies  solely  upon  the  gravitational  field 
for  damping  aa  well  as  restoring  torque  (Ref,  2} . 
In  the  abeence  of  suitable  data  from  an  actual 
aatellite,  it  wee  necessary  to  analyte  simulated 
attitude  motion*.  The  simulation  assumed  the 
satellite  to  be  in  a  polar  orbit  at  an  altitude 
of  1400  kra  such  as  might  bo  specified  for  meteoro¬ 
logical  or  aarth  resources  missions.  It  le,  of 
course,  not  possible  to  determine  if  the  model  of 
the  steady-state  disturbances  used  in  the  simula¬ 
tion  is  adequate  or  If  important  errors  will  be 
caused  from  those  nonsteady  disturbances  that  are 
encountered  In  orbit.  This  type  of  study  can, 
therefore,  never  prove  that  attitude  estimation 
will  be  successful  when  applied  to  an  actual 
satellite.  Conversely,  if  attitude  estimation  it 
infeasible  with  a  simulated  satellite,  it  is  cer¬ 
tain  to  be  infeasible  for  an  actual  satellite. 

II.  NOTATION 


Q  covariance  matrix  of  the  observations 

q  quantitation  of  digital  tensors 

r  v.ctor  function  describing  satellite 

environment 

t  time 

v.  unit  vector*  defining  orthogonal  refer- 

'  ence  frame  coincident  with  principal 

inertia  exes  of  enUre  satellite;  in 
equilibrium  •  o^ 

x  unknown  parameter*  composed  of  the 

e.ementi  Oj ,  dj,  end  n, 

y(t)  instrument  readings 

t  state  vector  composed  of  attitude*  end 

angular  velocities 

6(  )  increment 

(  )  ensemble 

(*)  estimated  quantity 

a.  unknown  angle*  giving  orientation  of 

-1  Ej  frame  relative  to  frame 

B  acute  angle  between  boom  axle  and  E3 

axis 


A(l)  time  varying  matrix  of  partial  derivatives 
of  the  attitude  angles  with  respect  to 
the  unknown  parameters 

E,  unit  vectors  defining  orthogonal  refer- 
-1  ence  frame  fixed  in  mein  satellite 

body;  for  tero  attitude  error*  Fj  ■  o^ 


Y  angle  the  sunline  ip-*. **)*tlve  to  the 

orbit  normal 

cs  error  In  the  subscripted  quantity 

6  ,  bias  of  damper  spring  from  tero  position 

°s  in  abeence  of  gravity  torques 


components  of  the  unknown  vector  from  the 
center  of  mass  to  the  geometrical  center 
of  the  satellite;  measured  In  the  F, 
frame  1 


e(t)  Instrument  orrors 

H(t)  time  varying  matrix  of  partial  derivatives 

of  the  instrument  readings  with  respect 
to  the  unknown  parameters 


X  angle  of  the  sunline  relative  to  the 

first  point  of  Arles  measured  in  the 
ecliptic  plane 

a  variance  of  normally  distributed  errors 

in  the  edges  of  the  region  assigned  to 
each  digit  of  sensors 

<t>,6,p  Euler  angle  sequence  relating  F.  frame 
to  Oj  frame  5 


i) 


moments  and  products  of  inertia  o£  main 
satellite  body  relative  to  the  v. 
frame  -1 


f>  longitude  of  the  ascending  node  of  the 

orbit  measured  from  the  first  point  of 
Arles  In  the  equatorial  plane 


i.j  1.  2.  J 


Til.  ESTIMATION  AND  PREDICTION  TECHNIQUE 


mj 

°j 


P 


components  of  the  unknown  magnetic  dipole, 
moment;  measured  in  the  Ej  frame 

unit  vectors  defining  orthogonal  refer¬ 
ence  frame  fixed  at  satellite  orbit: 

03  it  directed  toward  center  of  earth; 
Oi  is  in  the  direction  of  motion 

parameters  describing  physical  character¬ 
istics  of  the  satellite 


The  estimation  technique  It  based  on  the 
premise  that  the  dynamics  of  a  gravity  stabi¬ 
lized  satellite  and  all  of  it*  disturbance 
sources  ere  understood.  The  estimation  technique 
seeks  to  establish  the  hitherto  unknown  values  of 
certain  quantities  through  analysis  of  the 
observed  attitude  eentor  readings.  Once  the 
unknowns  are  established,  a  complete  model  of  the 
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V 


V 


dynamics  and  disturbance  sources  is  available  and 
past  and  future  attitude  notion  can  be  simulated. 

A.  The  Model 

All  of  the  information,  both  known  and 
unknown,  that  constitutes  the  cooplete  model 
required  for  the  simulation  can  be  placed  in 
three  general  categories!  the  equations  of 
motion,  the  physical  characteristics  of  the 
satellite,  and  the  environment.  These  art 
discussed  in  the  following  sections. 

1.  The  Bouatlons  of  Motion 

The  equations  of  motion  must  include  all  of 
the  significant  dynamical  effects  if  precise 
estiaietion  of  future  attitude  motion  is  to  be 
achieved.  For  this  study,  the  dynamics  were 
assumed  to  be  adequately  represented  by  the 
dynamics  of  a  pair  of  connected  rigid  bodiea. 

For  seme  gravity  stabilised  satellites,  rigid* 
body  dynamics  are  not  an  adequate  representation 
because  the  flexural  modes  or  boom  motion  couple 
significantly  with  the  librational  motion.  This 
is  true,  for  instance,  in  the  analyais  of  the 
motion  of  the  Radio  Astronomy  Explorer  Satellite 
which  hat  boom  lengths  of  the  order  of  200  meters 
(tee  Ref.  3).  In  other  instances,  the  variation 
of  the  mast  distribution  with  time  caused  by 
thermal  distortion  may  invalidate  the  astuaptlon 
of  rigid-body  dynamics  (tee  Ref.  4).  These 
effects  will  not  be  preeent  if  newly  developed 
boome  are  ueed  which  theoretically  have  no 
thermal  die  tort  ion  (Ref,  g),  or  if  the  satellite 
has  a  symmetrical  arrangement  of  the  booms. 

The  satellite  considered  in  this  study  hat 
symmetrically  oriented  booms  whose  lengths  are 
such  that  thslr  natural  frequencies  are  large 
compered  with  the  libratlon  frequencies.  For 
such  a  satellite  the  rigid-body  equation*  are 
considered  to  provide  an  adaquat*  repreaentation 
of  th*  staady-atat#  dynamic*.  This  representa¬ 
tion  requires  an  eight -dimensional  atate  space; 
three  coordinates  each  for  th*  attitude  and  angu¬ 
lar  velocity  of  th*  mein  satellite  body,  and  two 
coordinate*  to  represent  th*  relative  attitude 
and  angular  velocity  of  the  tingle  d*gr**-of- 
freedoai  damper  body  (ee*  Ref.  2).  Th*  etat* 
equation  is 


z  ■  fi(t,  t,  p,  r(t)]  (1) 


Th*  form  of  f  is  known  explicitly)  p  represent* 
th*  parameters  defining  th*  particular  physical 
characteristic*  of  th*  earellltc;  r  represents 
th*  environment  which  reacts  with  th*  spacecraft 
to  product  tho  external  disturbances.  The  solu¬ 
tion  of  Bq.  (1)  for  initial  conditions  t  ■  s0 
end  t  ■  t0,  will  be  denoted  by 


z(t)  ■  fi(t,  t0,  t0.  p,  r)  (2) 


Equation  (1)  was  used  in  generating  the  various 
quantities  required  by  estimation  procedure  end 


in  simulating  the  unknown  motion  to  be  analyzed. 

It  is  obvious,  therefore,  that  th*  results  of  th* 
study  can  provide  no  conclusions  concerning 
whether  or  not  the  rigid-body  equations  are  ade- 
quate  for  uaa  in  the  estimation  procedura.  Such 
conclusions  must  await  application  to  a  real, 
rather  than  to  a  simulated,  satellite. 

2.  The  Environment 

Th*  estimation  procedure  ia  based  upon  a 
perfect  knowledge  of  th*  environment.  Beaentltl 
to  the  knowledge  of  the  environment  la  knowladg* 
of  tha  orbital  paramtteri.  This  permits  th* 
effects  of  eccontriclty  on  th*  attitude  motion  to 
be  accounted  for  end  establishes  th*  relationship 
between  sat# lilt*-,  solar-,  and  earth-centered 
coordinates.  This  information  along  with  th* 
known  energy  density  of  sunlight  and  a  model  of 
th*  geomagnetic  field,  defines  tha  solar  prtssur* 
and  magnttic  envlronmant  of  th*  satellite.  For 
near  aarth  orbits,  such  as  considered  in  this 
study,  th*  assumption  that  th*  magnetic  field  le 
known  perfectly  appears  to  be  reasonabla.  For 
the  purpoa*  of  this  study  th*  fisld  was  assumad 
to  b*  that  dut  to  a  tilted  dipole,  although  more 
accurate  models  art  aval labia. 

3.  Physical  Characteristics  of  th*  Satellite 

Th*  attitude  behavior  of  tha  satelllt*  can 
b*  calculated  only  if  tha  set  of  parameters  p 
dsfinlng  it*  physical  characterlatlea  are  known 
accurately.  Many  of  theia  parametara,  such  a* 
th*  mass  distribution  and  geometry  of  th*  stabi¬ 
lized  package,  ere  known  in  th*  eene*  that  thty 
can  be  measured  accurately  prior  to  launch  and 
arc  certain  to  remain  constant  thereafter. 

Others,  such  as  th*  residual  magnetic  dipole, 
although  thty  may  be  measured  accurately  prior  to 
launch,  vary  unpradlctably  during  th*  pariod  of 
launch  and  deployment.  Still  others,  such  as 
tolar  prtsaurt  torques,  cannot  be  measured 
adequately  on  th*  ground  and  must  be  estimated. 

Provided  th*  model  of  th*  aetellit*  system 
is  adequate,  error*  in  the  calculated  attitude 
will  arise  beceuse  of  deviation*  in  the  measured 
or  estimated  values  of  th*  unknown  end  poorly 
known  parameters.  An  obvious  approcch  to  th* 
attitude  estimation  problem  i*  to  select  all  th* 
parameter*  whose  value  is  uncertain  end  try  to 
estimate  better  value*  using  measured  data.  One 
difficulty  with  this  approach  1*  that  measurement* 
may  not  ptrmit  all  th*  parameter*  to  be  uniquely 
distinguished  from  etch  other.  Another  diffi¬ 
culty,  of  e  more  practical  nature  la  that  th* 
amount  of  computation  and  numarlcal  round  off 
trrora  ineraas*  rapidly  with  th*  number  of 
parameter*  considered.  A  more  realistic  and 
certainly  nor*  practical  approach  la  to  limit 
th*  MBber  of  parameters  to  be  aatlmated.  Tha 
•*t  of  parameters  selected  must  have  two  proper- 
cles.  First,  th*  effect  of  esch  of  th*  parameters 
on  th*  attitude  must  be  distinguishable  from  th* 
effect  of  all  th*  other*.  Second,  it  mutt  be 
possible  to  find  a  set  of  values  for  the  param¬ 
eter*  that  will  produce  an  approximation  to  all 
the  expected  disturbance  torque*.  For  th*  psrtlc- 
ular  low-altitude  satelllt*  under  consideration, 
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where 


the  paraneters  selecteJ  were  the  misal inement 

angles  between  the  principal  axes  of  inertia  and 
j.  the  reference  axes,  the  distance  between  the 
I  center  of  mass  and  center  of  area,  and  the  msgnl- 

*  tude  and  direction  of  the  residual  magnetic 

:  dipole.  A  total  of  nine  quantities  is  needed  to 

>s  define  these  error  sources, 

I 

j,  Tho  selection  of  the  nine  parameters  to  be 

1  estimated  implies  that  all  other  parameters  and 

r  the  environment  are  assumed  to  be  known  perfectly, 
\  Let  p  ■  (x,  p_)  where  x  denotes  the  nine 
»  parameters  to  be  estimated,  and  p0  denotes  all 

|  those  assumed  to  be  known,  The  motion  of  the  sys* 

l  tem  then  only  depends  upon  t  and  tha  unknown 

:  parameters  x,  Thus: 


* Ct )  ■  gift,  x)  “  fg[t,  t0,  t0,  (X,  Po).  r]  (3) 


B.  Instrumentation 

Attitude  Instrumentation  for  earth  orianted 
satellites  is  usually  selected  so  that  tha  atti¬ 
tude  can  be  resolved  from  a  set  of  data  taken  at 
a  given  Instant,  Moat  oarth  oriented  satellites 
have  tome  combination  of  earth  sensors  magnetom¬ 
eters,  and  solar  aspect  sansore.  Each  sensor  can 
dstarmine  ths  coordinates  of  some  line  relative 
to  the  satellite  reference  system;  thus  two  dif¬ 
ferent  types  are  required  to  determine  the  atti¬ 
tude  at  any  given  Instant.  With  the  introduction 
of  the  estimation  procedure,  the  criterion  for 
the  selection  of  instruments  is  different  and 
lais  stringent.  The  only  requirement  ia  that  tha 
unknown  parameters  can  be  found  from  some  set  of 
observations  taken  at  selected  times.  Using  the 
estimation  procedure  to  determine  attitude  there¬ 
fore  affords  an  opportunity  to  simplify  the 
instrumsnt  system.  The  Identification  of  ths 
simplest  set  of  instruments  that  would  yield 
satisfactory  attitude  information  was  one  of  the 
goals  of  tho  study. 

The  instruments  considered  were  combinations 
of  solar  aspect  sensors,  e  horizon  scanner,  and  a 
damper  boom  angle  Indicator.  Five  solar  aspect 
sensors  are  rqulred  for  sphorlcal  coverage, 

Three  were  placed  120"  apart  in  the  plane  that 
nominally  coincides  with  the  orbital  plane  and  the 
remaining  two  wore  pointed  In  either  direction 
normal  to  the  orbital  plane. 

The  general  form  of  the  equations  character- 
ill  ng  the  set  of  Instrument  readings  can  be 
oxprossod  as: 


y(t)  •  *j(t,  i)  ♦  e(t)  (4) 

whore  e  represents  instrument  errors.  Conse¬ 
quently,  sensor  outputs  tre  related  to  tho  unknown 
parameters  by  the  composite  of  Eqs.  (3)  and  (4). 
That  is, 


y(t)  •  g3(t,  x)  ♦  o(t)  (5) 


g3Ct,  x)  ■  gj[t,  gjft,  x)] 

C,  Estimation  of  Unknown  Parameters 

The  estimation  procedure  seeks  to  Improve 
ths  knowledge  of  the  parameters  assumed  to  be 
imperfectly  known.  The  process  is  similar  to 
quati-lineerizeiion  described  in  Ref.  6.  A* 
illustrated  in  Fig.  1,  the  process  starts  with  an 
initial  gueaa  of  the  parameters  xj.  From  this 
estimate,  an  estimate  of  the  subsequent  instrument 
readings  is  calculated  from  the  dynamic  model  of 
the  satellite  end  its  disturbances,  and  is  com¬ 
pared  with  the  actual  instrument  readings  from  the 
satellite.  The  difference  between  the  actual  and 
estimated  instrument  readings  is  then  used  to 
improve  the  knowledge  of  the  parameters  xi .  The 
desired  quantities,  the  attitude  angles,  are 
obtained  from  the  dynamic  model  of  the  satellite 
end  ite  disturbencei.  Knowledge  of  xi  therefore 
implies  that  not  only  can  past  motion  be  eitimated 
but  future  motion  can  be  predicted. 


OMIT  ihSOSMATiOB 


Fig.  1.  Block  diagram  of  the  estimation 
procedure. 

The  estimation  technique  relies  upon  making 
a  largs  number  of  imperfect  observations  to  estab¬ 
lish  tho  value  nf  the  unknown  parameters.  Since 
the  parameters  Bre  assumed  to  be  invariant  with 
time,  the  problem  Is  tractable  and  consists  In 
finding  the  minimum  variance  solution  of  a  system 
of  linear  equations.  The  system  of  equations  can 
be  expressed  as 

ay  ■  H  ax  *  £  (6) 

where 


270 


c 


end 

iy(t)  th«  deviation  of  tho  Instrument  readings 
from  those  corresponding  to  tho  sttl- 
tudo  at  time  t  glvan  tha  prior 
aitimata  of  tha  unknowns  x 

dx  deviations  in  tha  unknown  parameters 

from  tha  prior  aatloata 

H(t)  a  matrix  of  partial  darivativaa  ralating 
A y(t)  to  dx 

a(t)  tha  Instrument  arrora  at  time  t 

It  was  not  faaalbla  to  calculate  tha 
alamanta  of  tha  matrix  H(t)  analytically  from 
tha  nonlinear  aquations  of  motion  of  tha  two-body 
satalllta.  Instead,  tha  element*  of  the  matrix 
wax*  evaluated  through  simulation  of  tha  attitude 
motion.  A  reference  motion  was  first  obtained 
assuming  a  prior  eatimate  of  tha  unknown  param¬ 
eters.  A  subsequent  motion  was  than  calculated 
with  an  increment  in  one  of  the  componenta  of 
x.  The  magnitude  of  the  increment  was  chosen  to 
be  equal  to  tha  expected  deviation.  Tha  deriv¬ 
ative  was  then  evaluated  assuming  tha  variation 
of  the  instrument  reading  with  the  change  of  state 
to  be  linear.  Thus, 

gs(t,  x  ♦  dx.)  -  g3(t,  x) 

- - 

The  elements  of  the  matrix  H(t)  therefore  depend 
on  tho  prior  estimate  of  x  and  the  magnitude  of 
the  increment  dx,  at  well  at  time.  However, 
the  primary  dependence  is  upon  time  which  deter¬ 
mine!  the  orbital  position  and  therefore  the 
relationship  of  the  satellite  to  the  sun  end  the 
magnetic  field.  The  dependence  upon  x  arises 
solely  from  nonlinearlties . 

The  minimum  variance  solution  of  Bq.  (6) 
for  the  deviation]  of  the  unknowns  from  the  prior 
estimates,  dx,  is  well  known  (see,  e.g.,  Ref,  7) 

and  it  given  as 

d*  ■  (HT£*1H)‘1hV1£I  (7) 


where  Q  is  the  covariance  of  the  instrument 
errors  (i.e.,  Q  ■  E(eeT)).  It  is  assumed  in  tho 
derivation  of  eq.  (7}~that  the  Instrument  errors 
are  uncerrelated,  have  sero  mean,  and  are 
Independent  of  the  measurement j . 

IV.  SIMULATION 

The  unknown  attitude  motion  and  the 
corresponding  instrument  readings  were  generated 
by  e  digital  computer  simulation.  The  character- 
iatlci  of  the  simulated  satellite  were  obtained 


by  assuming  random  deviations  of  its  physical 
characteristics  from  a  known  satellite,  .'he 
characteristics  of  the  known  and  the  unknown 
satellite  are  given  In  Table  1.  These  deviations 
were  Intended  to  simulate  the  unknown  error 
sources  that  might  be  present  after  the  spacecraft 
hat  been  launched  and  the  booms  erected.  The 
deviation!  included  the  angle  that  the  individual 
boomi  make  with  the  vertical  reference  axis,  the 
reflectivity  of  the  booms,  the  radius  of  curva¬ 
ture  due  to  thermal  distortion,  the  erected  boom 
length,  the  damper  bias  angle,  end  the  residual 
magnetic  dipole. 

A  complete  simulation  of  a  satellite  would 
require  that  the  relationship  of  the  orbit  to  the 
sunllne  change  slowly  with  The  seasons  and  with 
any  motion  of  the  line  of  nodes.  For  purposes  of 
simulation,  ths  orbit  was  assumsd  to  ba  polar, 
and  Its  relationship  to  ths  sunllne  wet  assumed 
to  be  fixed  for  tny  one  date  sample,  The  effect 
of  changes  in  the  relationship  of  the  orbit  to 
the  sunllne  on  the  estimation  procedure  wse 
studied  through  simulation  of  separate  ewes. 

These  were  achieved  by  arbitrary  changes  in  n, 
the  anglo  the  line  of  nodes  of  ths  orbit  makes 
with  the  first  point  of  Arles,  end  l,  the  angle 
measured  In  the  ecliptic  between  tha  sunllne  to 
the  earth  and  the  first  point  of  Aries ,  Ths 
following  cases  were  studied: 


Case 

n 

\ 

Sun  angle  relative  to  orbit 

I 

II 

III 

IV 

0 

60* 

30* 

120* 

0 

0 

0 

so* 

Orbit  plane  contains  sunline 
Sunline  30*  from  orbit  normal 
Sunline  60*  from  orbit  norms 1 
Sunline  -60*  from  orbit  normel 

All  the  Instruments  were  assumed  to  be 
representative  of  those  currently  available. 

Their  output  readings  were  assumed  to  be  digital 
and  were  simulated  by  calculating  thslr  exact 
value  and  asaigntng  the  appropriate  digital  value. 
Each  instrument  was  assumed  to  have  tome  random¬ 
ness  in  the  location  of  the  edges  of  the  regions 
assigned  to  each  digit.  This  randomness  can 
arise  from  errors  in  the  quantitation  (i.e., 
errors  in  the  location  of  the  edge  of  the  region 
assigned  to  etch  digit),  end  from  randomness  in 
the  digit  assigned  by  the  censor  electronics  when 
the  exact  reeding  Approaches  ths  edgs.  In  the 
simulation,  the  errors  were  considered  to  be  of 
the  latter  type  and  were  simulated  by  adding  a 
random  number  to  the  exact  reading  prior  to 
assigning  the  digital  value.  If  quantitation 
eirort  ere  present,  the  assumption#  Inherent  in 
tha  eolution  of  Eq.  (7)  will  be  violated  because 
the  era  r  distribution  associated  with  a  partic¬ 
ular  digit  will  not  have  zero  mean.  Consequently, 
there  will  be  a  correlation  between  the  sensor 
reeding  and  its  errors. 

The  chari-rterlstics  of  each  of  the  instru¬ 
ments  simul.w.- i  is  given  In  the  following  sketch 
and  table.  Note  that  the  quantitation  of  the 
solar  aspect  se.uor  is  given  as  approximately  O.S*. 
The  exact  quantitation  of  the  tolar  aspect  sensor 
vsrles  with  ths  angles  sensed.  This  variation. 
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as  well  as  tha  tdg*  arrors,  wara  takan  into 
account  in  calculating  tha  instrument  variancaa 
for  use  in  Bq.  (7}. 

V.  RESULTS  AND  DISCUSSION 


Observability 


The  first  result  to  be  established  is  the 
identification  of  those  sets  of  instruments  that 
will  penult  a  solution  of  Bq.  (7)  for  the  values 
of  the  unknown  parameters.  A  necessary  condition 
for  solving  this  equation  is  that  all  attitude 
angles  must  influence  the  readings  of  the  sensors 
at  tome  time  during  a  given  orbit.  As  in  the 
cast  of  determining  attitude  at  a  given  instant, 
this  rules  out  the  possibility  of  using  the 
horizon  scanner  alone,  since  yaw  angle  cannot  be 
sensed.  The  additional  information  possibly 
could  be  supplied  by  a  damper  boom  angle  indi¬ 
cator  if  the  damper  boom  responds  to  steady  and 
oscillatory  yawing  motion.  It  will  so  respond 
provided  that  either  the  neutral  position  of  the 
damper  or  the  hinge  axis  does  not  lie  normal  to 
the  yaw  axis.  However,  the  damper  boom  and  the 
hinge  exis  of  the  satellite  analyzed  were  located 
In  the  horizontal  plane.  For  this  position,  the 
damper  does  not  respond  to  a  steady  yaw,  thereby 
preventing  tho  evaluation  of  the  steady  yaw 
offset,  o i ,  It  follows  that  solar  aspect  sensors 
must  be  Included  In  any  combination  of  tht  avail¬ 
able  Instruments  it  Lq.  (7)  is  to  be  solved. 


With  the  exception  of  a  single  orientation 
of  the  orbit  relative  to  the  aunline,  the  solar 
aspect  tensor  measurements  are  Influenced  by  all 
tho  attitude  errors  at  some  time  during  an  orbit. 
This  is  necessary,  but  not  sufficient,  to  insure 
that  a  solution  to  Eq.  (7)  exists.  To  establish 
that  a  solution  exists  it  is  required  thet  the 
determinant  of  HHT  be  nonzero  for  tome  series  of 
measurements.  With  the  exception  of  one  situation 
described  below,  this  condition  was  satisfied  for 
solar  aspect  measurements  alone.  Hence,  except 
for  one  condition,  solar  aspect  meesurementt  will 
provide  sufficient  information  to  solve  for  the 
unknown  increments  in  the  unknown  parameters. 


This  exception  occurs  when  the  orbit  plane 
is  normal  to  the  aunline.  Then  the  complete  list 
of  unknowns  it  unobservable  by  any  combination  of 
instruments  because  the  solar  pressure  torques 
that  result  from  the  center-of-msss  shift,  d^, 


produce  steady  angular  offsets  that  are 
indistinguishable  from  the  variables,  a^.  The 
estimated  values  of  either  set  of  parameters  will 
therefore  produce  both  effects  and  one  set  could 
be  eliminated  if  the  satellite  orbit  were  to 
remain  normal  to  the  sunline. 

This  particular  orbit  is  also  unique  in 
that  solar  aspect  sensors  alone  do  not  provide 
sufficient  information  to  solve  for  even  the 
reduced  list  of  unknowns.  The  reason  is  that  a 
satellite  with  a  steady  attitude  error  will  have 
no  change  in  its  orientation  relative  to  the  tun 
as  it  moves  along  the  orbital  path.  The  sun  sen¬ 
sors  will  yield  information  on  two  angles  required 
to  describe  the  orientation  of  the  satellite  rela¬ 
tive  to  the  tun.  Since  it  is  required  to  evaluate 
three  variables  to  describe  the  ttoady  attitude 
angle  offset,  no  solution  it  possible.  This  dif¬ 
ficulty  could  be  resolved  by  using  the  damper  boom 
angle  for  additional  Information  if  the  bias  of 
the  damper  from  its  nominal  position,  9^,  it 
known.  Otherwise,  the  bias  must  be  included  in 
the  list  of  unknowns  to  be  determined.  In  this 
event,  one  more  unique  equation  and  one  more 
unknown  are  added  to  the  system  of  equations  and  a 
solution  does  not  exist. 

Although  the  test  for  observability  estab¬ 
lishes  that,  with  the  above  exception,  solar 
aspect  sensors  alone  yield  a  unique  solution  for 
the  unknowns,  it  gives  little  insight  into  the 
accuracy  of  the  estimation  technique  when  a 
limited  number  of  imperfect  measurements  are  pro¬ 
cessed.  Therefore,  estimation  was  attempted  with 
several  instrument  systems.  These  Included  solar 
aspect  sensors  slone,  tolar  aspect  sensors  in  com¬ 
bination  with  a  damper  boom  angle  indicator,  and 
solar  aspect  sensors  in  combination  with  a  horizon 
scanner. 

B.  Short-Term  Estimation 

The  unknown  parameters  were  estimated  from 
a  date  sample  that  covered  about  five  orbits. 
Typicel  results  showing  the  motion  calculated 
given  initial  estimates  of  the  unknowns  are  shown 
in  Fig.  2.  In  this  instance,  the  unknown  param¬ 
eters  were  initially  estimated  to  be  zero  (x  ■  0) . 
The  first  iteration  then  seeks  to  minimize  the 
variance  of  the  difference  between  the  actual 
instrument  readings  and  the  exact  Instrument  read¬ 
ings  corresponding  to  motion  when  x  ■  0.  At  can 
be  teen  from  the  rosulta,  integration  of  the  equa¬ 
tions  of  motion  with  the  new  estimate  of  the 
unknowns  results  in  reasonable  agreement  between 
the  estimated  and  the  actual  motion.  Some 
improvement  in  the  estirnted  motion  results  if  a 
second  eetimate  of  the  unknowns  is  made.  In 
practice,  this  estimate  would  be  based  upon  a 
subsequent  data  sample.  For  purposes  of  this 
study,  che  same  data  were  reprocessed. 

The  errors  in  the  second  iteration  of  the 
pitch,  roll,  and  yaw  for  the  period  covering  the 
data  sample  are  shown  in  Fig.  3.  The  estimated 
notion  matched  the  actual  motion  to  within  0.1* 
except  for  a  few  points  in  yaw,  This  result  was 
obtained  regardless  of  the  instrument  system  in 
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Pig.  2.  Typical  result*  of  tha  •stlmatlon 
procedure. 
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Pig.  1.  Typical  error*  in  the  animation  after 
two  Iteration*  over  the  entire  period  of  the 
data  sample;  0  ■  0,  X  ■  0. 


u*e.  A*  indicated  by  Pig.  3,  no  improvement  in 
the  cetlmate  based  on  tolar  aspect  sensors  alone 
resulted  when  horiton  scanner  measurements  were 
included.  A  similar  conclusion  was  reached  con¬ 
cerning  the  addition  of  damper  angle  measurements 
to  the  tolar  aapeot  tensor  measurements. 


An  exsmlnation  was  mad*  of  various  error 
sources  that  can  influence  the  accuracy  of  the 
estimation.  These  sources  include:  Insufficient 
number  of  observations,  nonlinearitiet  in  the 
variation  of  the  instrument  readings  with  the 
unknowns,  imperfections  in  the  model,  and  poor 
observability.  These  errors  sources  will  be 
discussed  in  turn, 


1.  Effect  of  Number  of  Observation* 


Ideally,  sufficient  observations  should  be 
taken  to  reach  the  point  where  additional  observa¬ 
tions  would  cause  little  or  no  change  in  the 


solution  for  the  unknowns.  The  observations  were 
arbitrarily  taken  0.3  of  a  radian  apart  along  the 
orbital  path,  and  the  maximum  number  of  observa¬ 
tions  for  any  solution  was  limited  to  100.  For 
the  set  of  100  observations,  the  number  of  dis¬ 
crete  instrument  readings  varied  with  the  set  of 
instruments  in  us*  and  with  whether  or  not  the 
satellite  passes  through  the  earth's  shadow, 
thereby  eliminating  solar  aspect  sensor  readings, 

To  test  if  100  observations  wsr*  sufficient 
to  estimate  the  unknowns  accurately,  estimations 
were  mad*  with  fewer  observations  and  the  varia¬ 
tion  noted  at  tha  number  of  observations  was 
increased.  To  eliminate  the  possible  effects  of 
other  sources  of  error,  the  data  analysed  corre¬ 
sponded  to  a  perfect  linear  model.  Bxact  instru¬ 
ment  readings  were  generated  by  multiplying  the 
matrix  H  by  an  arbitrary  set  of  values  for 
unknowns.  These  rradlngs  were  quantised  as  out¬ 
lined  to  the  section  on  simulation. 

The  error  in  estimating  the  unknown  param¬ 
eters  for  various  numbers  of  observations  is 
shown  in  Pig,  4.  When  the  horiton  scanner  was 
used,  little  change  in  the  estimate  of  the 
unknowns  occurred  after  about  30  observations. 

When  the  tolar  aspect  sensors  alone  were  used, 

100  observations  appeared  to  be  marginal  in  that 
tom*  of  the  unknowns  wsre  still  changing.  Note, 
however,  that  the  errors  for  100  observations 
were  very  nearly  the  atm*  for  both  instrumentation 
systems.  The  addition  of  horiton  scanner  measure¬ 
ments  did  nothing  to  improve  the  knowledge  of  the 
variables  ag  and  as  which  correspond  to  steady 
roll  and  yaw,  The  horiton  scanner  would  not  be 
expected  to  improve  aj  since  it  does  not  tent* 
yaw.  The  roaton  that  no  improvement  in  the  esti¬ 
mate  of  aj  occurred  is  that  the  roll  angle 
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Fig.  4.  The  effect  of  the  nunber  of 
observations  on  the  estimate  of  the 
state  after  one  Iteration. 
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typically  never  exceeded  0.5“.  All  readings  of 
the  digital  horizon  scanner,  accordingly  were 
zero,  Therefore,  in  effect,  the  horizon  scanner 
contributed  Information  only  on  the  pitch  notion, 


practical  purposes,  as  illustrated  in  Tig.  5(b). 

Figure  6  shows  the  expected  result,  that  a  third 
estimate  produced  no  further  change  in  the 
unknowns . 


2.  Effect  of  Nonllnearltles 


The  matrix  11  was  calculated  with  the 
assumption  that  the  variation  of  the  instrument 
readings  with  each  of  the  unknowns  was  linear. 

The  fact  that  several  iterations  are  necessary  to 
got  the  best  fit  to  tho  actual  motion  indicates 
that  the  variation  is  not  linear,  Thia  nonlinear* 
ity  is  clearly  demonstrated  in  Fig,  S,  where  a 
comparison  is  made  of  the  errors  for  the  first 
and  second  estimates.  Two  curves  are  shown  for 
each  estimate.  The  curvet  designated  at  linear 
are  the  estimation  errors  when  the  attitude  it 
actuated  to  vary  linearly  with  Ox  and  la  given 
by  A(t)Ax  summed  with  the  reference  motion  upon 
which  the  estimate  was  bated.  The  curve  desig¬ 
nated  at  simulated,  is  the  error  incurred  when 
the  estimated  unknowns  are  used  at  an  input  to 
the  Integration  of  the  equatzons  of  motion.  The 
nonlinearity  la  evident  in  the  first  estimate 
given  in  Pig.  5(a).  The  second  estimate  elimi¬ 
nated  the  errors  from  nonlinearity,  for  all 
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lig.  S.  Comparison  of  tho  errors  In  tho  first 
and  second  linear  estimates  with  tho  or-ors 
from  simulations . 
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Fig.  6.  Convergence  of  the  eatimated  parameters 
with  nusfcer  of  Iterations  to  eliminate 
nonllnearltles. 

3.  Effect  of  Model  Imperfections 

The  principal  source  of  difficulty  in 
applying  the  estimation  technique  appears  to  be 
imperfections  in  the  modal  of  the  unknown  dis¬ 
turbances.  These  imperfections  impair  tho  accu¬ 
racy  of  tho  short-term  estimation  and  degrade  the 
prediction  of  future  motions,  particularly  when 
seasonal  variations  and  orbital  regression  change 
tho  relationship  of  the  orbit  to  the  sunline. 

If  tha  model  is  perfect  it  should  be 
possible  to  estimate  the  unknown*  precisely, 
because  the  effects  of  instrument  errors  can  be 
eliminated  by  taking  a  sufficiently  long  data 
sample,  and  the  effect*  of  nonlinearitiea  can  be 
accounted  for  through, an  iterative  procedure. 
However,  consider  the  resulte  shown  in  Fig.  6, 
which  givos  the  estimates  of  the  paremetere  corre¬ 
sponding  to  an  unknown  motion  generated  by 
simulation  of  the  satellite  whose  physical  charac¬ 
teristics  are  listed  ee  "Actual"  in  Table  I.  For 
this  simulation,  thu  magnetic  dipole  is  the  only 
variable  that  enter*  directly.  Other  sources  of 
attitude  error,  which  ere  represented  in  the  esti¬ 
mation  by  the  variables  at  end  dj  are  unknown 
solar  pressure  torques  end  rotations  of  the  princi¬ 
pal  sxes  relative  to  the  instrument  package.  These 
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torques  and  rotations  are  generated  by  errors  in 
boom  lengths,  boom  angles,  surface  reflectivities, 
•tc.,  rather  than  directly  by  change!  In  the 
variables  ag  and  dg  such  as  used  In  computing 
the  II  matrix.  The  results  indicate  that  the 
estimated  dipole  is  different  from  that  known  to 
be  present  (see  Fig.  6).  The  error  in  the  estima¬ 
tion  1a  not  small,  the  largest  component  being 
underestimated  by  roughly  SO  percent.  The  corre¬ 
sponding  errors  in  the  attitude  motion  are  those 
shown  in  Pig.  J.  These  latter  errors,  however, 
are  small,  bting  almost  always  lass  than  0,1*. 

The  apparent  contradictory  reaulta,  that  la, 
good  estimation  of  tha  attitude  motion,  but  poor 
eatimetea  of  aome  of  the  unknowns,  can  arise  from 
two  aoureea.  One  possibility  is  that  tha  motion 
may  bo  inienaitive  to  change  in  a  particular 
unknown.  The  other  poaiiblllty  it  imperfect 
representation  of  tha  attitude  error  sourcei  by 
the  model.  The  model  used  is  an  attempt  to  repre¬ 
sent  all  of  the  disturbances  with  a  ftw  distinct 
variables  and  it  known  to  be  an  approximation. 

For  initanca,  including  the  unknown  distances,  dg, 
is  an  attempt  to  allow  for  unknown  variations  in 
the  tolar  preeturo  torques.  These  variations  tra 
a  consaquance  of  variation*  in  th*  geometry  and 
aurfaca  propart ia*  as  well  ai  deviation  of  tha 
center  of  mats  from  its  stated  position.  Even 
though  deviations  in  the  centtr-of-mais  position 
will  produce  aoler  pressure  torques  with  the  same 
frequencies  as  actually  occur,  it  is  unlikely 
that  e  combination  of  the  distances,  dg. ,  will  pro¬ 
duce  e  tolar  pressure  torque  variation  that  would 
hav*  th*  correct  Pourier  series  raprasantation 
about  all  oxe*.  Also,  tha  uaa  of  ag,  to  allow 
for  variations  in  tha  relationship  bstwasn  the 
principal  axes  of  inertia  and  the  Instrument  axos, 
dots  r.ot  allow  for  changas  in  th*  magnitude  of 
tha  principal  moments  of  inertia.  If  th*  moments 
of  Inertia  are  changed,  the  response  of  the  satel¬ 
lite  to  disturbance  will  be  different  from  that 
given  by  th«  calculated  H  matrix. 

The  estimation  proceduie  will  find  the  best 
fit  to  the  data  sample.  In  ths  example  cited, 
the  shortcomings  of  th*  model  were  compensated  by 
estimating  a  dipole  different  from  that  known  to 
be  present.  For  short-term  eatimatea  this  compen¬ 
sation  ia  of  little  consequence.  However,  the 
compensation  required  to  yltld  th*  best  estimate 
of  th*  motion  would  be  expected  to  be  altered  a* 


the  relationship  of  the  orbit  to  the  sun  changes, 
thereby  presenting  some  difficulty  in  the  long¬ 
term  prediction  of  attitude  motion, 

4.  Effect  of  Poor  Obiervabillty 

Ai  hat  bttn  previously  noted,  when  th* 
orbit  it  orisnted  to  thst  ths  tunlin*  lies  along 
th*  orbit  normal,  thrt*  components  of  th*  state 
become  unobservable  by  any  tat  of  lnstrumanta. 

Whan  tha  aunline  lias  close  to  the  orbit  normal, 
all  th*  elements  of  th*  state  are  observable  in 
that  tha  determinant  of  HH"  ia  noniero.  How- 
•var,  Bq.  (l)  becomes  poorly  conditioned  and  th* 
■tates  differ  wildly  from  thosa  aatimatad  for 
othtr  orbits.  This  oondition  was  found  to  pre- 
vail  even  whan  tha  orbit  normal  wai  as  far  at  30* 
from  ths  sunlina.  Typical  rasults  of  th*  first 
estimate  ere  shown  in  th*  tabla  balow.  The  data 
in  tha  first  column  for  astlmstss  when  the  sunlin* 
was  30*  from  th*  orbit  normal  (fl  *  60*,  X  ■  0) 
show  rssults  quit*  different  from  those  obtained 
when  th*  sunlin*  was  in  th*  orbital  plana  (O  •  0, 

X  ■  0).  This  ia  particularly  trut  of  tha  values 
of  a)  and  d).  These  variables  produce  steady 
motions  which  tr*  compensating  so  thst  th*  linear 
fit  to  th*  unknown  trajectory  obtained  from  tha 
product  |A(t) j | AX|  waa  comparable  to  other 
results  of  a  first  estlmata  of  th*  unknowns. 

Batter  dtflnltlon  of  tha  atata  might  be  obtainad 
if  th*  data  sample  ware  lengthened,  thereby 
reducing  th*  effect  of  instrument  errori.  Evi¬ 
dence  of  this  type  of  improvement  is  given  by  th* 
results  shown  for  perfect  solar  aspact  data. 

Th*  fact  that  on*  unknown  paramattr  la 
poorly  dlstlngulshad  from  anothar,  or  i*  poorly 
obsarvabls,  can  be  viawed  as  evidence  that  tach 
produce*  nearly  ths  lam*  affact  on  th*  motion. 
Insofar  at  short-term  estimation  la  concerned,  it 
is  expedient  to  eliminate  on*  of  th*  unknowns. 

In  this  instance,  it  was  decided  to  eliminst*  ell 
three  of  th*  distance  element*,  di.  Th*  result¬ 
ing  short-term  estimate  (eeo  third  column  of 
table)  yielded  attitude  estimation  errors  compara¬ 
ble  to  those  shown  in  Pig.  2  for  th*  case  when 
the  sun  wes  in  the  orbit  plane  and  all  nine 
unknown  parameters  were  estimated. 


Variable 

n  •  ao* ,  x  ■  o 

0  •  0,  X  »  0 

Simulated  Soler 
Aspect  Sensor, 

9  Vsrlebles 

Simulated  Solar 
Aspect  Sensor, 

9  Variables 

Perfect  Solsr 
Aspect  Deta, 

9  Variables 

Simulated  Solsr 
Aspect  Sensor, 

6  Variables 

“1 

0.054 

0.072 

0.030 

0.067 

°2 

-.219 

-.254 

-.250 

-.210 

-5.45 

•1.24 

-.227 

-.575 

d| 

3.94 

.73 

Not  estimated 

-.62 

d2 

.07 

.04 

Not  estimetod 

.04 

d3 

.32 

.51 

Not  estimated 

-.66 

"l 

- 1 . 22*10"® 

-1 . 21*10  ‘® 

-1.28*10-® 

-1.67*10'® 

nn  2 

. 67 « 10" ® 

.57*10'® 

. 58*10"4 

.67*10"® 

m. 

-2,02*10  ® 

-3.42*10*® 

-3.49*10-® 

-3.28*10-® 

C.  Predict  ion 


Th»  goal  of  the  estimation  procedure  is  to 
be  able  to  predict  attitude  motion  well  Into  the 
future  to  that  the  user  of  the  satellite  will 
know,  in  advance,,  the  geocentric  coordinates  of 
the  center  of  the  field  of  view  of  the  tensors . 

The  results  discussed  to  far  indicate  that  the 
unknown  parameters  can  be  evaluated  from  analyi is 
of  a  short  data  segment  such  that  simulation  pro¬ 
vides  a. fit  to  the  attitude  motion  to  within  0.1*. 
However,  it  is  clear  that  the  model  it  not  per¬ 
fect.  There  is,  therefore,  no  assurance  that  the 
same  set  of  parameters  will  provide  satisfactory 
simulation  of  the  motion  for  some  future  time  when 
orbital  regression  and  seasonal  variations  have 
changed  the  relationship  between  the  solar ,  geo¬ 
magnetic,  and  orbital  coordinate  systems, 

The  results  of  the  short-term  estimation 
were  used  in  an  attempt  to  predict  the  motion  for 
other  orbits  with  a  different  angle  of  the  orbit 
normal  relative  to  the  aunline.  In  particular, 
it  was  attempted  to  predict  the  motion  for  the 
time  of  the  vernal  equinox  (0  •  0)  from  the  param¬ 
eters  evaluated  whan  n  •  60*  and  vice-versa,  The 
results  are  shown  in  Fig.  7.  In  each  case,  the 
pointing  error  was  predicted  to  within  nearly  0,1*, 
but  the  prediction  of  the  yaw  motion  was  poor. 
Curiously,  the  predictions  of  yaw  based  on  esti¬ 
mations  when  0  *  60*  were  somewhat  the  better  of 
the  two,  even  though  three  of  the  unknown 
parameters  were  not  estimated. 


Fig.  7,  Errors  whan  a  short  term  ostimate  of 
the  unknown  parameters  is  used  in  the  predic¬ 
tion  of  attitude  for  a  different  orbit-sun 
relationship, 

In  practice,  satisfactory  long-term  predic¬ 
tion  might  be  achieved  in  n  variety  of  ways,  The 
most  obvious  is  to  determine  the  time  period  for 
which  an  estimate  of  the  unknown  parameter* 
yields  satisfictory  accuracy,  Tha  duration  of 
this  period  will  depend  upon  the  orbit  and  its 
regression  rste.  After  a  numbsr  of  successive 
estimates  of  the  parameters  have  been  made,  the 
estimation  frtquency  might  be  reduced  through 


interpolation  ,n  extrapolation,  depending  upon 
whether  one  cycle  of  the  variation  of  the  sunline 
relative  to  the  orbit  hat  been  completed.  An 
alternative  technique  is  to  analyte  data  that 
•ncompaaaea  tha  antlre  range  of  conditions  that 
have  been  encountered  in  the  peat,  After  one  com¬ 
plete  cycle  of  these  conditions  has  bean  coverad, 
tha  astimata  will  yiald  a  sat  of  paramatars  for  a 
bast  fit  to  all  if  tha  attitude  motion,  This 
possibility  was  explored  in  a  rudimentary  fashion 
by  analysing  a  data  segment  composed  of  SO  obser¬ 
vations  when  h  ■  60*  and  SO  when  n  ■  0.  The 
results  ere  shown  in  Fig.  8.  The  estimation  of 
roll  end  pitch  for  either  condition  was  equivalent 
to  the  estimate  when  all  100  pieces  of  data  ware 
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Fig.  8.  Errors  when  tha  solar  aspect  meeiurement* 
for  two  different  orblt-»un  relationship*  art 
analysed  at  on*  data  aampla,  \  •  0. 

taken  from  a  tingle  condition.  The  yaw  error, 
though  about  doubled,  wat  considerably  smaller 
than  th*  error  encountered  under  the  condition  of 
Fig •  9.  The  parameters  estimated  from  a  combina¬ 
tion  of  the  two  data  segments  war*  used  to  predict 
the  motion  for  other  orbits.  Result*  of  predic¬ 
tion*  when  the  orbit-eun  relationship  wae  midway 
between  th*  two  data  eamplaa  are  shown  for  24-hour 
period*  in  Fig.  9.  Two  case*  are  shown,  one 
corresponding  to  the  time  of  the  equinox,  and  one 
to  the  time  of  the  solstice.  In  each  case,  the 
error*  in  pitch  and  roll  are  the  earns  magnitude  at 
estimated  for  a  particular  data  sample,  The  error 
in  yew  is  roughly  twice  that  estimated  for  a 
short-term  date  tempi*  and  shows  a  24-hour  varia¬ 
tion  indicative  of  an  error  in  estimation  of  the 
component*  of  th*  magnetic  dipole. 

The  result*  presented  ere  limited  in  that 
they  are  bated  entirely  upon  simulation,  rathar 
than  flight  rtaultt,  and  in  that  a  tingle  example 
satellite  confined 'to  a  particular  orbit  was 
studied.  If  the  results  can  be  considered  to  br 
typical,  It  1*  indicated  that  th*  pitch  and  roll 
attitude  can  be  predicted  with  an  accuracy  about 
five  time*  better  then  tho  accuracy  of  a  ingle 
measurement  of  an  attitude  sensor.  For  the  partic¬ 
ular  satellite  studied,  the  prediction,  along  with 
an  accurate  satellite  ephemeria,  should  yield  the 
geographic  location  of  the  earth  oriented  inetrn- 
ment  axes  to  within  J  km.  The  error*  in  th#  long¬ 
term  prediction  of  the  yaw  error*  war  ibout  twice 
that  for  roll  and  pitch.  Better  yew  information 
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might  be  obtained  through  estimation  with  advance 
prediction  limited  to  period*  *ncomp«*ting  only  a 
imall  change  of  the  orbit  rnlativn  to  the  aunline. 

VI.  CONCLUDING  REMARKS 

The  iteady-itat*  attitude  of  a  passive 
gravity  etabilited  sztellito  can  be  determined  if 
the  force*  cauied  by  the  interaction  of  the  satel¬ 
lite  with  the  environment  arc  known.  It  has  been 
shown  that  these  forces  can  be  adequately  defined 
in  term*  of  a  small  number  of  parameters.  Fur¬ 
thermore,  by  applying  the  technique*  of  estima¬ 
tion,  the  value  of  these  parameter*  can  be 
determined  from  solar  aspect  measurements  only. 

Simulation  studies  have  Indicated  that  the 
attitude  can  be  estimated  to  within  0.1*  from 
data  from  digital  solar  aspect  sensors  having  a 
sensitivity  of  0.5*.  It  must  be  recognited,  how¬ 
ever,  that  it  1*  not  possible  to  determine  from 
the  study  if  the  model  of  the  steady-state  dis¬ 
turbances  is  adequate  or  if  important  errors  will 
be  caused  by  those  nnnsteady  disturbances  that 
ere  encountered  in  orbit.  Final  evaluation  of 
the  method  therefore  mutt  await  the  launch  of  a 
suitable  satellite  to  which  the  technique  can  be 
applied. 
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SPARS  -  A  COMPLETELY  STRAPDOWN  CONCEPT  FOR  PRECISE 
DETERMINATION  OF  SATELLITE  VEHICLE  ATTITUDE1 


William  R.  Davit 
Lockhaad  MSC 
Sunnyvale,  California 

and 

Joatph  A.  Millar 
Honeywell  Aaro  Divialon 
Minna apolii,  Minn# iota 


AMTBAfil, 

This  paper  deacrioea  the  oonoapt  and  development  of  a  completely  atrapdown 
ayatem  for  determination  of  aatellite  vehicle  attitude  to  high  preciaion.  Known  aa 
SPARS  for  Spaoe  Preciaion  Attitude  Reference  Syatem,  thla  ayatam  la  the  reault  of 
a  continuing  effort  on  tha  part  of  the  Air  Force  to  improve  attitude  determination 
accuracy.  The  ayatem  deaorlbad  haa  been  developed  by  Lookheed  and  Honeywell 
under  Air  Force  aponaorahlp  over  the  laat  3*1/2  yeara.  The  SPARS  program  ia 
deacribed  in  tarma  of  mlealon  and  meohanlaation  conaldaratlona,  the  baaic  concept, 
the  critical  deaign  conaldaratlona  and  tradeoffa,  the  reaultlng  mechanisation,  and 
teat  conaldaratlona  and  reaulte  in  validating  and  evaluating  the  concept  and  apeclfic 
mechanization.  SPARS  uaea  vehicle -fixed  atar  aenaora  In  a  mode  in  which  they 
mark  tha  time  of  tranait  or  epoch  of  a  atar  aa  it  croaaea  tha  aenaor  held  of  view, 
To  provide  eaaentially  continuous  attitude  information  from  intermittent  atar 
alghtings  vehicle  rate  is  Integrated.  Rate  la  determined  by  vehicle -mounted  pre¬ 
cision  rate  integrating  gyros.  Parametric  tradeoff  itudlea  in  conjunction  with 
complete  ayatem  simulation  on  a  OP  computer  are  described.  Result#  of  these 
studies  are  reported  along  with  reaulte  of  precision  laboratory  testa  of  a  prototype 
SPARS  hardware  ayatem  which  ehow  that  the  SPARS  performance  requirement# 
can  be  achieved, 


( 


Ever  since  man  started  throwing  rocka  to 
provide  food  and  defense  he  haa  faced  the  prob¬ 
lem  of  hitting  a  target.  To  hit  a  target,  one  must 
in  some  sense  first  point  at  it.  In  modern  weapon 
ayatema  many  types  of  pointing  are  required  and 
used.  Typically,  however,  one  can  distinguish 
between  two  baaic  type#  of  pointing.  The  firat 
and  moat  familiar  la  identified  here  aa  closed 
loop,  in  which  one  observes  the  target  in  real 
time.  The  second  identified  as  open  loop,  uses 
knowledge  about  the  relative  target  position  not 
derived  from  direct,  real-time  observation. 

This  paper  dlacuaaes  the  development  and  labora¬ 
tory  teat  of  SPARS,  a  ayatem  for  high -preciaion 


aatellite  attitude  determination  in  support  of 
preciaion  open-loop  pointing  requirements. 

It  la  appropriate  at  this  point  to  identify 
the  acronym  PEP9Y  for  Preciaion  Earth 
Pointing  Syatem  and  it#  relation  to  SPARS 
(see  Fig.  1).  Whereas  SPARS  la  solely  for 
determining  vehicle  attitude  relative  to  Inertial 
apace,  PFPSY  ia  a  more  complex  ayatem  which 
utilize#  SPARS  information  along  with  vehicle 
ephemerle  and  target  ephemeris  to  provide  any 
combination  of  the  following;  vehicle  attitude 
relative  to  local  horlcontal,  pointing  of  a  ghr<~ 
baled  aenaor  line  of  sight  (LOS)  at  a  specified 
target,  open-loop  control  of  the  LOS  direction 
to  high  accuraoy  if  necesaary,  knowledge  of 


*”  ^Thia  work  was  supported  by  the  Space  and  Minalle  Syatem#  Organic*' ion  of  the  Air  Force  under 
contract  number#;  F04701 -88-C-00BB  and  F04701-68-C-0337,  F04701-8B  C-0180 
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LOS  direction  to  an  accuracy  that  ia  compatible 
with  SPARS  accuracy,  target  ephemeria  accu¬ 
racy,  and  for  earth  targeta,  satellite  ephemeria 
accuracy.  Hie  major  portion  of  this  paper 
relates  to  SPARS  only.  See  Ref.  1  for  PEPSY 
design  considerations. 

Mission  Conflderations- 

In  modern  systems,  direct  observation  of  a 
target  can  be  quite  difficult  for  reasons' such  as 
lack  of  target  identification  or  tracking  observ¬ 
ables.  Indeed,  the  identification  of  obaervablss 
is  often  a  specific  mission  objective.  In  such 
missions,  open-loop  pointing  is  usually  required. 
Typical  of  missions  of  this  type  that  could  be 
accomplished  best  by  observation  of  locations  or 
targets  on  earth  from  satellite -based  sensors  if 
adequate  point  accuracy  were  available  are; 
autonomous  navigation,  laser  pointing,  earth 
resources  location,  absolute  position  determina¬ 
tion  for  ABM,  and  mtssilo  teat  range  calibration. 
The  desire  to  develop  the  basic  technology  for 
such  missions  has  provided  the  major  motivntlon 
for  SPARS  development. 

High  angular  ^solution  la  a  common 
requirement  of  thes.e  missions,  due  mainly  to 
the  large  satellite -to-tnrget  distance.  This 
implies  narrow  field  of-view  (FOV)  sensors  and 
thus  a  capability  for  precise  pointing  control  in 
order  to  guarantee  the  target  in  the  FOV,  Even 
more,  it  implies  a  requirement  for  precise 
pointing  knowledge  in  order  to  effectively  utilize 
the  high  resolution.  It  is  Important  here  to  dis¬ 
tinguish  between  knowledge  and  control.  For 
closed-loop  pointing,  knowledge  and  control  are 
usually  intimately  connected.  Thus,  in  OAO 
knowledge  of  tolescope  pointing  relative  to  the 
star  being  tracked  la  of  the  order  of  the  tracking 
accuracy,  say  0.1  are  sec.  This  is  typically  ten 
times  better  than  the  knowledge  of  the  location  of 
the  strr  relative  to  the  rest  of  the  fixed  stars. 

For  open  loop  pointing,  knowledge  and  con¬ 
trol  have  an  arbitrary  interrelation.  Typically 
though,  one  needs  pointing  control  accuracy  to 
some  fraction  between  one-third  and  one-tenth  of 
the  FOV  and  pointing  knowledge  on  the  order  of 
three  to  ten  reeolution  element*.  Since  FOVe 
are  of  the  order  of  10  arc  min  and  up,  control  to 
about  1  arc  min  could  be  adequate.  However, 
the  neod  for  reeolution  to  a  few  feet  range*  from 
very  deelrable  to  mandatory,  and  since  an  arc 
sec  is  about  0  ft  t  at  200  nm,  very  accurate 
pointing  knowledge  is  required, 

Implementation  Considerations 

In  ordsr  to  providt  open-loop  pointing  from 
a  base  to  a  target,  It  la  necesaary  to  apeclfy  the 
direction  of  baae-to-target  line  of  aight  (LOS) 
relative  to  the  baae.  For  pointing  knowledge  to 
a  high  accuracy  from  an  earth  eatelllte  baae,  the 
moit  practical  method  of  specifying  the  LOS 
direction  ie  to  uee  a  atelldb-lnertial  frame  a*  the 
reference.  This  is  bs cause  only  in  thie  frame  le 
there  the  possibility  of  knowing  accurately  both 
the  eatelllte  orientation  and  tha  desired  LOS 


direction  (from  knowledge  of  target  and  satellite 
poaitlona)  without  target  cooperation  or  tracking. 
Other  poaalble  frames,  such  as  those  tied  to  the 
earth's  magnetic  or  gravitational  fielda  or  to  the 
earth 'a  figure  (horizon  sensors),  suffer  from 
uncertainties  on  the  order  of  an  arc-min  and 
thui  lack  tha  required  accuracy.  Othar  possible 
reference  or  fix  techniques  have  unacceptable 
defielenciea;  a.  g. ,  landmark  tracking  is  not  all- 
weather,  radar  requires  active  emissions,  etc. 

For  the  paat  two  decadea  the  traditional, 
and  in  most  casss  bait,  way  of  obtaining  very 
accurate  continuous  knowledgs  of  the  angular 
orientation  of  a  moving  vehicle  has  bean  to 
employ  gyros  and,  where  necessary,  star 
trackers  on  a  gimbalad  systam  in  which  one  gim- 
bal  is  fixed  in  inertial  apace.  In  applications 
such  as  airplane  or  mlaallc  accent  guidance 
where  the  vehicle  motion  can  includa  significant 
angular  acceleration,  thia  waa,  and  in  some 
cases  atlll  is,  the  beat  method.  Implicit  in  this 
technique  ia  the  requirement  to  measure  to  the 
desired  accuracy  the  absolute  instantaneous 
orientation  of  the  vehicle  relative  to  the  inertlally 
fixed  glmbal.  For  high-accuracy  systems,  this 
measurement  can  be  quite  difficult  and  often  ie 
the  source  of  significant  ayatsm  arror  and  com¬ 
plexity, 

In  caaea  in  which  angular  accelerations  of 
the  moving  system  are  insignificant  other 
methods  are  used.  The  earth's  inertial  orienta¬ 
tion,  for  example,  can  be  asesrtuinad  by  the 
simple  measurement  of  time  (clock)  after  s 
single  star  (inertial)  fix  sines  the  earth's  angular 
velocity  i 3  known  and  its  angular  acceleration  ia 
insignificant. 

For  SPARS'  technology  to  bs  usable  in  a 
wide  vsriaty  of  mlaaions  it  waa  Important  that 
tha  basic  concept  not  include  interaction  with  or 
be  dependent  upon  the  vehicle  control  system. 
However,  it  was  to  be  primarily  for  aatellltes 
that  were  earth  oriented,  i.e.  ,  having  a  non¬ 
zero  inertial  angular  velocity. 

The  major  considerations  and  concommitant 
groea  system  outline  that  emerge  from  the  fore¬ 
going  include*  high  precision  --  hence,  digital 
techniques  for  both  measuring  and  computation; 
stellar  reference  --  hence  etellar  eoneore;  elowly 
rotating  vehlclei  with  not  i nil gnifi cant  angular 
acceleration*  --  hence  gyroe;  early  avatlability-- 
hance  state- of -the -art  hardware  at  least  for 
component*.  At  this  lavel  of  definition  a  major 
decision  was  between  strapdown  and  gimbaled 
■  tar  sensor*.  In  support  of  ths  LMSC/HI  deci¬ 
sion  to  devtlop  a  strapdown  concspt  are  the 
following  considerations:  slimination  of  error 
sources  from  glmbal  motion  and  readout;  utiliza¬ 
tion  of  vehicle  moticn  to  provide  star  field  ecan: 
ability  to  use  tims  as  the  basic  measurement; 
no  requirement  to  point,  i.e,,  control,  a  vehicle - 
borne  device  in  order  to  acquire  attitude  knowl¬ 
edge  and  hence  no  requirement  for  an  on-board 
computer  for  SPARS-only  information;  Increased 
reliability  from  ain.plar  mechanization,  mini¬ 
mum  demand  on  vehicle  mounting  location  due  to 
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small  fixed  vehicle  window  requirement  --  thus 
allowing  the  possibility  of  mounting  the  star  sen* 
sor(s)  adjaoent  to  critical  payload(a);  and  finally, 
minimum  hardware  development  beyond  existing 
components  and  techniques. 


The  LMSC/H1  SPARS  concept  consists  of  two 
star  sensors  with  a  3 -gyro  package  operating  in 
conjunction  with  a  digital  computer.  The  orbital 
geometry  of  the  concept  is  shown  in  Pig.  1. 
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Figure  1.  Precision  Earth  Pointing 
System  Concept 

The  basic  principle  of  ope  ration  of  this  sys¬ 
tem  is  that,  in  conjunction  with  the  computer  and 
a  stored  star  catalog,  information  from  the  star 
sensors  provides  a  primary  (long-term)  refer¬ 
ence  while  the  gyros  provide  a  secondary  (short¬ 
term)  reference.  It*  computer  will  process 
(pulse)  information  from  each  of  the  sensing 
sources  to  give  continuous  precision  knowledge 
of  vehicle  inertial  attitude.  Thia  information  ie 
available  at  tha  compute,  location. 

Ac  shown  in  Fig.  3,  the  gyros  provlds  high 
bandwidth  attitude  data  with  'unbounded  errors 
(drift),  whereas  the  star  sensor  provides  low 
bandwidth  data  with  hnundad  errors.  Tha  two 
types  of  data  ore  co^.oined  and  filtered  co  that 
they  yield  high  bandwidth  attitude  knowledge  with 
bounded  errors. 


Figure  3.  SPARS  Component  Block 
Diagram 


gyro  drifts  and  thus  --  in  a  bootstrapping 
fashion  --  increase  the  accuraoy  for  the  same 
interval  between  star  alghtings.  This  process  is 
impltmentsd  with  Kalman  recursive  filter  tech¬ 
niques. 

To  make  the  system  independent  of  specific 
computer  I/O,  star  sanaor  and  gyro  outputs  are 
processed  by  a  special  "Interface  and  timing 
unit. "  As  a  result  the  computer  requirements 
for  SPARS  compulations  are  nominal  and  can  be 
met  by  any  modern  aerospace  machine,  and  be¬ 
cause  the  sensors  are  all  body  mounted  requiring 
no  information  about  vahlcla  attituda  to  operata, 
the  computer  can  be  either  on  board  or  on  the 
ground  and  the  data  prooeaeing  can  be  either  In 
real  time  or  delayed. 

The  .itar  sensor  a  are  conceptually  simple 
instruments.  They  utilise  concentric  optics  to 
focus  star  energy  onto  a  datector  at  tha  focal 
surface  of  the  optical  system.  The  detector  con¬ 
sists  of  narrow  atrlpa  of  photossnaitive  slamsnta 
arranged  in  a  apoke-like  array.  Specifically, 
doped  cadmium  sulfids  deposited  as  a  thin  film 
cn  a  curved  eubetrats  le  used  au  tha  photosensi¬ 
tive  clement.  The  spokea  ere  oriented  so  that 
vehicle  pitch  rotation  causes  the  star  Image  to 
traverse  the  elite  in  a  nominally  transveree 
direction.  As  tha  Image  transit!  a  spoke,  a 
pulse  of  current  la  generated.  The  time  of  occur¬ 
rence  of  the  pulse  ie  the  fundamental  maaaure- 
ment  used  to  determine  attitude. 

Three  single -degree -of  'freedom,  gas 
bearing,  pulse  rebalance  gyroe  are  ueed  for 
measuring  vehicle  rate.  Pulses  are  summed  in 
the  "timing'  unit  and  aaeodated  with  star 
"tr visit  pulses"  for  processing  in  the  computer. 


SPARS  uses  vehicle -find  star  sensors  in  s 
mode  In  which  they  mark  the  time  of  transit  or 
epoch  of  e  star  aa  it  croaeea  tha  sensor  FOV. 

To  provide  essentially  continuous  attitude  infor¬ 
mation  from  intermittent  star  sightings  vehicle 
rate  is  integrated.  Rate  is  determined  by  vehicle - 
mounted  precision  rate  integrating  gyroe.  The 
Intermittent  star  transits  are  used  net  only  io 
give  periodic  attitude  fixes  but  also  to  trim  the 


In  the  computer  the  vehicle  attiti  V  existing 
at  the  time  of  an  actual  star  transit  pulse  Is 
determined.  This  attitude  is  combined  with 
knowledge  of  the  transited  star's  position  from  s 
stored  cetalog  of  stars  to  establish  a  measure  of 
attitude  error,  litis  measure  la  then  used  to 
make  Incremental  corrections  to  the  computed 
valuew  of  vehicle  attitude  end  gyro  drift. 

Fig.  3  is  e  functional  block  diagram  of  SPARS. 


28) 


SENSORS 


Figure  3.  SPARS  Functional  Block  Diagram 


Thi>  mechanization  la  identified  aa  "implicit" 
in  that  direct  or  explicit  computation  of  attitude 
ia  not  outputted  in  aaaociation  with  an  external 
event  such  as  a  epeciflc  atar  lighting.  However, 
alnce  a  very  accurate  eatlmate  of  the  vehicle 
attitude  atate  la  alwaya  available,  it  la  poaalble 
to  relate  the  time  of  tranait  of  any  atored  atar 
to  a  meaaure  of  attitude  error  irreapective  of 
actual  vehicle  motion. 

For  thia  reason,  in  SPARS  only  time  muat 
be  meaaured  in  determining  a  vehicle'!  orienta¬ 
tion  in  apace.  Fig.  4  ehowa  how  thia  time  dif¬ 
ferential  can  be  visualized.  The  projection  of  a 
detector  slit  on  the  star  field  at  the  actual  trans¬ 
it  time  la  shown  with  solid  lines  (LOS  1),  and 
the  projection  at  the  computed  tranait  time  la 
shown  with  dashed  llnea  (LOS  3).  The  angle 
(time)  difference  between  these  projections  is 
used  to  correct  the  computed  attitude  and  rate. 

As  shown,  tho  difference  AS  appears  predomi¬ 
nately  as  a  pitch  error.  Roll  and  yaw  errors 


Figure  4.  Time/Attitude  Relationship 
in  the  Implicit  System 


would  cause  respectively  either  different  atara  to 
be  transited  or  a  sequence  of  two  or  more  stars 
to  be  transited  at  atlll  different  times.  With  the 
implicit  approach,  the  A0's  of  three  or  more 
successive  tranalta  are  used  to  obtain  a  beat-fit 
attitude  estimate  about  all  three  axes. 

Although  a  single  detector  slit  can.  in 
principle,  provide  3 -axis  information,  tradeoff 
studies  have  shown  that  higher  system  reliability, 
better  performance,  and  shorter  acquisition  time, 
l.e.,  convergence,  are  realized  by  using  two 
star  sensors,  each  having  six  slits.  A  total 
failure  of  one  star  sensor  will  still  permit  excel¬ 
lent  system  performance. 

Additional  Insight  into  system  operation  is 
provided  through  consideration  of  a  typical 
sequence  of  events.  At  the  time  of  a  star  transit 
on  a  detector  strip  the  following  events  occur: 

1)  A  high-resolution  timer  is  started  and 
continues  until  the  computer  samples 
the  gyro  output  at  the  next  sampling 
instant. 

2)  A  computed  vehicle  attitude  and  rate 
about  all  three  axes  at  the  gyro 
sampling  time  is  generated. 

3)  Thic  computed  attitude  and  rate,  along 
with  the  elapsed  time  since  the  atar 
transit  (1),  Is  used  to  generate  a  com¬ 
puted  attitude  at  the  time  of  transit. 

4)  The  computed  attitude  at  the  star 
transit  time  is  compared  with  star 
catalog  information  (in  the  computer) 
to  determine  whether  or  not  a  star 
transit  should  have  occurred  at  about 
that  attitude. 
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5)  If  a  transit  should  not  have  occurred, 
this  false  data  is  rejected  and  no  fur¬ 
ther  calculations  are  performed  until 
the  next  star  transit. 

6)  If  the  computer  acknowledges  that  a 
transit  should  have  occurred  at  about 
the  attitude  that  it  did  occur,  then  the 
system  calculates  system  state  cor¬ 
rections  based  upon  a  measure  of 
attitude  error  computed  at  the  time  of 
transit. 

7)  Recursive  filtering  techniques  utilise 
the  body  attitude  solution  and  known 
system  error  statistics  to  generate 

a  weighting  function  that  minimises 
system  error. 

The  major  critical  design  consideration  at 
the  initiation  of  the  SPARS  program  was  the 
viability  of  the  solid-state  detector  aud  the 
advantage  it  had,  if  any,  over  a  photomultiplier 
tube  (PMT).  A  limited  amount  of  work  had  been 
done  in  this  solid-state  area  on  the  STAFF  pro- 
g:  tm  and  it  was  largely  due  to  the  results  ob¬ 
tained  on  this  program  that  the  solid-state 
detector  was  viewed  optimistically. 

During  the  course  of  Tlrst  phase  of  the 
SPARS  program,  three  potential  star  sensor 
suppliers  conducted  teats  that  indicated  that 
either  cadmium  sulfide  or  cadmium  selenide 
could  be  used  successfully  as  the  detector  in  the 
star  sensor.  One  of  these  tests  even  included 
the  detection  of  actual  4th  magnitude  stars  with 
reasonably  sited  optics.  Since  the  Air  Force 
had  expressed  a  desire  for  «  solid-state  device 
and  since  solid-state  devices  tend  to  have  greater 
growth  potential  than  do  vacuum  tubes,  the  deci¬ 
sion  was  made  to  go  solid  state. 

A  second  major  design  decision  involved  the 
choice  between  an  electrostatic  gyro  (ESQ)  and 
the  stngle-degree-of-freedom  (SDOF)  floated 
gyro.  A  trade  etudy  was  performed  on  these  two 
approaches  which  carried  through  a  paper  design 
to  the  point  of  determining  computer  require¬ 
ments,  physical  characteristics,  cost,  and 
delivery.  Surprisingly,  neither  of  these  systems 
displayed  any  significant  advantage  in  any  of  the 
tradeoff  areas.  Since  the  SDOF  gyro  was  avail¬ 
able  In  the  required  configuration  and  tha  ESQ 
required  some  ball  pattern  and  readout  develop¬ 
ment,  it  was  decided  to  use  the  SDOF  gyro  in 
SPARS. 

It  was  of  lntsrest  in  tl  e  initial  study  that  the 
low  drift  rate  characteristic  of  the  ESQ  allowed 
some  operational  advantages  in  the  acquisition 
area  that  were  very  attractive.  This  was  true 
to  such  an  extent  that  the  ESO  portion  of  the 
trade  study  was  extended  to  include  two  gim- 
baled  and  one  strapdown  configurations.  In 


neither  of  these  two  additional  cases  was  the 
resulting  system  more  attractive  than  the  SDOF 
gyro  system,  so  the  original  recommendation 
was  upheld. 

While  PMT  versus  solid-state  detectors  and 
ESQ  versus  SDOF  gyros  were  the  pivotal  design 
decisions  in  the  SPARS  development,  numerous 
other  tradeoffs  were  performed  before  the  sys¬ 
tem  was  built  and  tested.  In  thie,  computer 
simulation  was  used  to  develop  tradeoff  infor¬ 
mation  In  the  areas  of  star  sensor  look  angle, 

•tar  sensor  separation,  star  tensor  random 
noiae.  star  transit  interval,  gyro  random  noise, 
star  sensor  slit  configuration,  attitude  integra¬ 
tion  step  alas,  attitude  integration  word  length, 
and  gyro  pulae  weight.  These  tradeoffs  are 
treated  In  detail  in  nef.  2.  From  this  tradeoff 
information,  it  was  apparent  that  the  component 
performance  dictated  by  ayatem  performance 
was  reasonably  attainable  and  that  the  system 
was  relatively  insensitive  to  small  variation*  im 
component  performance.  One  noteworthy  re  salt 
of  the  study  was  tha  nearly  complete  lack  of 
sensitivity  of  system  steady-state  periortnanot . 
to  the  average  interval  between  star  orossings. 
Thus,  if  steady-state  performance  were  the  only 
consideration  in  selecting  star  transit  interval, 
the  star  sensor  FOV  and  sensitivity  require¬ 
ments  could  have  been  greatly  relaxed  from  those 
that  are  now  specified. 

The  star  transit  interval  requirement  that 
finally  resulted  grew  out  of  a  requirement  for 
acceptable  acquisition  time.  Considerations 
such  as  worst  cast  (i.e. ,  star  power)  orbits, 
and  acquisition  convergence  recycling  led  to  the 
conclusion  that  approximately  eight  stars  had  to 
be  detected  by  each  star  sensor  in  each  orbit. 

With  sight  stars  par  orbit  Identified  as  a  star  sensor 
requirement,  computer  scans  of  the  star  catalog  were 
run  to  establish  the  functional  relationship  between 
FOV  and  star  magnitude ,  It  was  by  this  functional 
relationship  between  FOV  and  star  magnitude,  along 
with  accuracy  requirements,  that  the  star  sensor 
performance  requirement!  were  specified. 

Four  different  star  aenaor  configurations 
were  considered  during  the  couree  of  the  pre¬ 
liminary  deeign  atudy.  Theae  four  configura¬ 
tion  included  varloua  value*  of  FOV,  eeneitivity 
and  accuracy.  No  clear  cut  advantage  for  any  of 
the  configurations  emerged  from  the  design 
study.  The  decision  to  specify  a  sensor  with  a 
relatively  narrow  FOV  was  influenced  by  the 
following:  the  system  analysis  had  bean  dons 
assuming  n  narrow  FOV;  the  dimmer  stars 
associated  with  the  narrow  FOV  telaacopt  were 
expected  tc  have  better  uniformity  than  brighter 
stars  allowed  by  a  wider  FOV;  and  the  off-axle 
accuracy  of  a  narrow  FOV  sensor  was  believed 
to  be  Inherently  better  than  the  off-axie  accuracy 
over  a  v '  'er  FOV. 

Sorr.j  additional  design  decisions  that  have 
stood  out  in  the  program  are;  eelection  of  pulee 
rebalance  rether  than  analog  rebalanca  gyroa; 


•The  ateaoy-state  performance  ia,  however,  quite  aenaitive  to  the  length  of  the  longest  interval 
betweon  star  aightlngs. 
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selection  of  ratio  detection  on  the  leading  edge 
of  the  star  sensor  pulse  rather  than  leading  edge 
trailing  edge  averaging;  and  the  uae  of  recuraive 
rather  than  batoh  data  processing  for  acquisition. 

Most  practical  experience  with  fractional 
arc  sec  measurement  Increments  for  gyro  re¬ 
balance  had  been  obtained  using  analog  loops  and 
voltage -to-frequency  converters.  Some  systems 
were  using  pulse  rebalance  but  their  pulse 
weights  were  so  large  that  it  was  difficult  to 
correlate' their  capability  with  the  required  per¬ 
formance  for  SPARS.  Special  tests  were  con¬ 
ducted  to  uncover  any  small  pulse  nonlinearities 
or  pulse-induced  noise  in  the  pulse  rebalance 
system.  Signtfloantly  no  practical  lower  limit 
was  found  to  the  pulse  rebalance  pulse  weight 
and  nonindication  of  pulse -induced  noise  was 
found  during  these  teats,  hence  the  decision  was 
made  to  uae  pulse  rebalanced  gyros  in  SPARS. 

The  star  transit  detector  selection  was 
similar  in  that  the  final  approach  selected  was 
based  upon  empirical  results.  Wave  shape  and 
time  delay  data  of  star  crossings  was  obtained 
in  the  laboratory  with  the  final  configuration 
dt tector.  This  test  data  indicated  that  the 
leading  edge  rise  times  of  normalised  star  tran¬ 
sit  pulses  were  independent  of  star  brightness. 
This  data  also  showed  that  the  decay  times  of 
the  star  transit  pulses  were  so  long  and  unpre¬ 
dictable  that  they  were  unusable  for  level  switch¬ 
ing.  In  light  of  these  findings  a  height-indepen¬ 
dent  trigger  (HIT)  circuit  which  operated  on  the 
leading  edge  of  ths  ctar  sensor  pulse  was  incor¬ 
porated  into  the  star  sensor  electronics. 

Initially  it  was  thought  that  too  many  special* 
decision  features  were  required  for  acquisition 
to  be  performed  by  the  steady- state  algorithm. 

A  good  deal  of  effort  in  the  development  of  batch 
processor  was  expended  with  some  success 
before  the  steady-state  recursive  approach  was 
tried3  and  found  to  be  superior. 

The  steady-state  algorithm  was  modified  to 
include  among  other  thlnge  a  provision  for  a 
variable  tolerance  on  what  constituted  a  "good" 
star  transit  and  a  provision  for  recycling  the 
acquisition  sequence  if  convergence  did  not 
occur.  Simulation  reeulta  demonstrated  the 
acceptable  performance  of  the  recursive  sys¬ 
tem  and  the  revised  computer  programs  gave 
evidence  of  the  advantage  of  the  recuraive  sys¬ 
tem  from  a  computer  requirement  standpoint. 
Hence,  further  work  on  batch  processing  was 
dropped  and  the  recursive  approach  to  acquisition 
was  adopted  as  a  part  of  the  baseline  system. 

SPARS  MECHANIZATION 

As  previously  indicated  (Pig.  2)  the  major 
functional  components  of  SPARS  are;  two  strap- 
down  star  sensors,  a  three-axis  strapdown  gyro 
reference  assembly,  an  interface  and  timing  unit 


3 

Suggested  by  Dr.  J.I..  LeMay. 


(ITU)  and  a  digital  computer,  see  Ref.  3. 

Transits  of  known  stars  on  the  star  sensors 
provide  precise  attitude  Information  of  discrete 
times.  The  output  of  the  star  sensor  is  a  single 
pulse  at  eaoh  star  transit.  The  gyro  assembly 
provides  continuous  three -axis  attitude  informa¬ 
tion  in  the  form  of  a  digital  word  for  motion 
about  eaoh  axis.  The  ITU  provides  short-term 
storage  for  the  signals  from  the  sensors  and 
converts  them  from  asynchronous  to  synchronous 
signals  before  passing  them  on  to  the  computer. 
Finally,  the  computer  determinee  the  vehicle 
attitude  by  processing  star  sensor  and  gyro  data 
by  means  of  recursive  filtering. 

The  Star  Sensors 

The  two  star  sensors  used  in  SPARS  are 
physically  identical.  The  design  features  a  com¬ 
pact.  high-resolution  optical  ayatem  in  a 
stripped-down,  no  moving  parts  configuration. 
Pig.  S  shows  the  sensor's  simplicity. 
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Figur#  5,  Star  Sensor 


Optical  Design 

10  provide  a  good  quality,  bright  circular 
star  image  over  the  entire  FOV,  SPARS  utilizes 
a  concontric  optical  system.  Unlike  conven¬ 
tional  refractive  systems  which  are  large,  heavy, 
and  demand  many  elements  to  correct  optical 
errors  or  aberrations,  the  concentric  optical 
system  is  simple,  smell,  and  lightweight. 

The  major  element  of  the  concentric  optical 
system  is  the  primary  mirror  shown  in  Fig.  fl. 

Parallel  rays  of  etar  light  entering  the 
aperture  are  focused  on  a  spherical  focal  surface 
(detector  location).  Since  all  optical  surfaces 
shere  a  common  center  and  every  rsy  of  light  is 
on  an  axis,  off-axis  errors  are  normally  elimi¬ 
nated.  Spherical  aberration,  the  only  on-axis 
error,  is  minimised  by  employing  a  corrector 
lens.  Because  Insertion  of  this  refractive 
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Figure  6 .  Concentric  Optical  System 


corrector  lam  Introduce*  chromatic  error* .  the 
mating  eurfaeea  of  a  dual  *l*m*nt  corrector  len* 
are  oontoured  for  color  correction. 

The  size  of  me  atar  aenaor  i*  minimized  by 
ualng  a  small  aperture  and  short  focal  length. 

The  system  is  diffraction  limited.  The  eun 
shield  reduces  the  risk  of  loss  of  the  atar  field 
due  to  interference  from  bright  objects  euoh  as 
the  sun.  moon,  and  earth.  Damage  to  the  star 
sensor  from  direct  sunshine  is  avoided  by  a  fast- 
response  shutter. 

Photosensitive  Deteotor 

The  SPAKS  star  sensor  employs  a  solid- 
state  cadmium  sulfide  (CdS)  detector  (Pig.  7). 
The  deteotor  is  fabricated  by  depositing  six  nar¬ 
row  strips  or  slits  of  CdS  on  a  ourved  glass  sub¬ 
strate.  The  curved  substrata  is  formed  on  the 
same  center  of  ourvature  as  the  star  sensor 
optics. 


Figure  7.  Solid-State  Cadmium  Sulfide 
Detector 


Each  slit  is  leas  than  1/1000  inch  wide  and 
just  approximates  the  star  image  diameter. 
Cadmium  sulfide  is  a  photoconductive  material 
which,  with  proper  electrical  as  well  as  back¬ 
ground  light  bias,  changes  its  electrical  resis¬ 
tance  when  illuminated  by  light  in  the  5000& 
region. 


Time  of  Transit  Measurement 

As  a  star  image  transits  each  slit,  a  pulse - 
type  signal  is  generated.  This  eignal  rises  to  a 
peak  as  the  image  moves  onto  the  slit  and  gradu¬ 
ally  decays  as  the  image  moves  off  of  the  slit. 

A  threshold  detector  is  tripped  by  the  leading 
edge  of  the  star  signal  and  thereby  generates  a 
digital  pulse  to  the  timing  unit.  The  threshold 
level  is  tied  to  the  pulse  height  to  compensate 
for  star  pulse  leading  edge  variations  caused  by 
variations  in  detector  response  and/or  star  mag¬ 
nitude  and  color  (Fig.  8). 
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Figure  8.  Tim*  of  Transit  Measurement 


Eaoh  deteotor  slit  is  operated  with  a  sepa¬ 
rate  set  of  electronios  using  a  matched,  low- 
noise  preamplifier  mounted  near  the  detector  to 
minimise  noise  pickup.  The  preamp  output  is 
amplified  and  fed  Into  an  electronic  filter  (Fig.  />). 
The  filter  both  delays  the  signal  and  processes  it 
to  enhance  the  signal-to-nolse  ratio.  The  signal 
is  fed  to  a  comparator  with  a  variable  threshold 
level  controlled  by  a  peak  signal  detector  which 
compensates  for  star  pulses  of  different 


Figure  B.  Time  of  Transit  Detection 
Electronics 
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magnitude.  Exceeding  the  threshold  level  trig¬ 
ger*  a  "on*-*hot"  which  provide*  a  logical  "ona" 
to  the  SITU  which  generate*  a  word  containing 
•lit  Identification  a*  well  a*  time  of  tranait. 

Performance 

The  SPARS  etar  sensor  can  detect  atari 
down  to  4th  magnitude*  in  the  viaible  apectrum. 
This  mean*  that  the  aenaor  can  detect  more  than 
480  stars  distributed  throughout  tit*  celestial 
sphere.  In  a  star-poor  wors-casa  orbit,  a 
minimum  of  eight  stars  can  b>  seen  in  one  revo¬ 
lution.  This  ia  a  sufficient  number  to  maintain 
desired  accuracy. 

The  SPARS  star  sensor  has  the  ability  to 
detect  stellar  target*  of  varying  brightness  and 
oolor  in  the  preeence  of  1)  random  noise  caused 
by  background  and  star  radiation,  and  3)  noise 
Intrinsic  to  the  detsotor  itself.  The  sensor  uses 
a  threshold  level  set  above  the  normal  noise  level 
and  below  the  minimum  signal  level  so  that  the 
tendency  to  either  indicate  false  stars9  or  to 
miss  stars  is  minimised,  Design  parameters 
including  slit  width,  transit  time,  and  electronic 
filtering  have  been  optimised  to  essentially 
eliminate  false  star  occurrence  while  maintaining 
a  detection  probability  of  0. 09.  Error  in  deter¬ 
mining  transit  time  is  minimised  by  providing 
adequate  signal  to  noise  for  those  stars  which 
are  aocepted  by  the  system. 

The  Gyros 


SPARS  uses  three  identical  gyros  that  are 
mounted  within  a  single  package  identified  as  the 
Inertial  Reference  Assembly  (IRA).  The  SPARS 
IRA  is  identical  to  the  Honeywell  002200,  a  unit 
currently  in  production  for  Air  Force  Program 
46?.  This  IRA  contains  three  Honeywell  OQ334A6 
gas  bearing  gyros  in  pulse  rebalance  loops.  The 
OG334A6  is  a  high-performance,  single -degree  - 
of-freodom  floated  gyro  designed  explicitly  to 
meet  the  demanding  performance  requirements 
of  advanced  strapdown  systems.  Salient  feature* 
of  the  unit  are: 

e  Hydrodynamic,  gae  bearing  apinmotor 
for  maximum  bearing  life,  reliability, 
and  low  gyro  noise 

*  Precision,  moving-coil,  permanent- 
magnet  torque  generator  with  very  low 
linearity  error,  high-acal* -factor 
stability,  and  two  torque  windings  to 
facilitate  testing 

e  Pivot- Jewel  output  axis  bearing  with 
microinch  bearing  clearances  for 
Improved  output  axis  definition,  and 
piezoelectric  mounting  for  low  friction 


•  High-viscosity,  low  pour  point  flota¬ 
tion  fluid  for  improved  g-insensltive 
drift  stability  with  nonoperatlve  cool¬ 
down  exposures 

The  GG2200  IRA  is  9  by  9  by  6. 5  in.  high, 
and  weighs  approximately  18  pounds.  The  bae* 
is  aluminum  honeyoomb  design,  with  the  three 
gyros  located  cloee  to  the  base  mounting  points 
for  maximum  rigidity. 

Some  of  the  significant  construction  features 
used  to  keep  the  sis*  and  weight  of  the  IRA  as 
small  as  possible  are: 

•  Many  circuits  are  mechanised  on 
ceramic  substrates  with  deposited 
resistors  and  conductors.  Discrete 
microelectric  components  such  as 
integrated  circuits,  semiconductors, 
and  capacitors  are  soldered  to  the 
substrate. 

•  Multilayer  printed  circuit  boards  are 
used,  especially  where  many  inter¬ 
connections  are  required  between  dis¬ 
crete  components,  integrated  circuit 
flatpaoks,  and  ceramic  substrates. 

•  Flexible  printed  circuit  tape  is  used 
for  interconnecting  circuit  boards, 
gyros,  and  connectors.  17)11  tape 
consiata  of  a  flat  layer  of  conductive 
material  bonded  between  two  sheets 
of  flexible  insulation. 

The  002200  IRA  operates  directly  from  the 
unregulated  29  vdc  generating  all  required  logic 
and  excitations  Internally  Including: 

e  Pulse  rebalance  electronics  for  each 
gyro 

e  Crystal  oscillator  and  countdown 
electronics 

•  D-C  power  supplies  and  EMI  filters 

•  Signal  generator  excitation 

•  Dual  voltage  apinmotor  supply 

e  Constant-current  supply  and  precision 
reference  voltage 

•  Temperature-control  amplifiers  for 
each  gyro  and  for  oven 

•  Telemetry  signal-conditioning  circuits 


}  I 


A  4th  magnitude  star  la  just  visible  to  an  average  observer  on  earth  on  a  clear  night. 

5  A  "false  star"  ia  an  indication  of  a  etar  transit  caused  by  1)  noise  when  no  star  is  present, 
or  2)  repeated  triggering  of  the  one-shot  caused  by  noise  superimposed  on  a  pulse  from  a  single 
valid  star  transit. 
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The  SPARS  ITU 

In  order  to  reduce  the  demand  on  the  com¬ 
puter  I/O  and  eoftware,  the  sensor  elgnala  are 
being  fed  to  the  computer.  Thla  processing  ia 
performed  by  the  ITU.  The  ITU  provides  aa  Ha 
main  function  ail  of  the  input/ output  oircuita 
neceaaary  to  perform  real-time  information 
tranafer  from  the  aenaora  to  the  computer.  The 
functional  relatlonahip  of  the  ITU  la  ahown  in 
Figure  10. 


computational  time  are  required  to  perform  all 
the  PFPSY  computations, 

TEST  CONSIDERATIONS  AND  RESULTS 

From  the  beginning  of  the  development  of 
SPARS  concepts  and  synthesis  it  was  recognised 
that  testing  and  evaluating  SPARS  would  be  a 
difficult  task.  The  basic  raaaon  la  that  tha 
desired  laboratory  performance  la  near  the  limit 
of  measurement  capability  and  of  phyalcal  system 
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Figure  10.  SPARS  ITU  Functional  Block  Diagram 


The  ITU  conaiata  of  three  11 -bit  +  eign 
up/down  counters  for  accumulating  gyro  pulsea, 
a  B-blt  counter  for  storing  atar  transit  events, 
a  3-bit  encoder  for  etar  aenaor  detector  iden¬ 
tification.  In  addition  to  this  input  circuitry  the 
ITU  contains  a  6x  12-bit  ahift  register,  with  a 
12-bit  output  buffer  atage,  a  synchronising  clock 
and  a  power  eupply,  A  total  of  525  gates  and  162 
J-K  master  slave-type  flip  flops  are  used  in  the 
ITU  function. 


The  SPAR  8  Computer 


It  le  planned  to  use  the  Unlvac  1824  as  the 
major  computing  element  in  the  eyatem  in  the 
current  teate.  The  1824  la  a  general-purpose 
stored  program  aerospace  oomputer  with  an 
order  repertoire  of  41  slngle-aadresa  Instructions. 
To  evaluete  the  oepebility  of  the  1824  for  SPARS, 
ell  of  the  equetlone  and  algorithms  required  for 
PEP8Y  tests  have  been  orgenlaed  for  this  com¬ 
puter,  The  oomputer  capacity  required  for 
their  solution  is  summarised  in  Table  1. 


Aa  can  ba  seen,  the  required  operations  are 
within  the  capability  of  tha  1834.  Spacifically, 
theae  results  show  that  only  81  percent  of  the 
available  NDRO  words,  78  percent  of  the  avail¬ 
able  DRO  words,  end  81  percent  of  the  available 


Table  1.  Computer  Compatibility 
Comparison 
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stabilities.  The  problem  Is  two-fold  In  that 
testing  in  both  laboratory  end  orbital  environ¬ 
ment*  arc  considered  neceeeery,  if  not  mends - 
tory,  prerequisites  to  eny  operational  deploy¬ 
ment  of  SPARS. 
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Consideration*  for  in-orbit  testing  end 
evaluation  o t  SPARS  were  important  in  the  evo¬ 
lution  of  tbs  requirement  for  PBP8Y  with  its 
optiofcl  pointing  devioe  subsystem.  That  is  to 
say,  part  of  the  motivation  for  developing  a  com¬ 
pute  PEPSY  was  to  provide  ln-esblt  observable 
measurements  that  would  allow  the  evaluation  of 
SPARS. 

Although  ln-orbit  tests  are  generally  con¬ 
ceded  to  present  more  problems  than  equivalent 
lab  tests,  for  SPARS,  ins  ln-orblt  onvironment 
has  one  very  Important  characteristic  not  easily 
avsllabls  la  the  lab  and  that  la  the  accurately 
known  absolute  reference  frame  afforded  by  the 
fixed  stars,. 

However,  the  slmpls  soonomles  end  logical 
stsp-wis*  development  of  e  oomplex  system  suoh 
ae  SPARS  cell  fop  lab  testing  to  preoede  ln-orblt 
teats  and  In  fact  auoceaaful  lab  validation  la 
probably  a  r.accaaary  prerequisite  to  justifying 
the  expense  of  an  orbital  test. 

As  a  first  step  In  implementing  this  philoso¬ 
phy,  lab  testa  on  an  enginasring  model  of  SPARS 
were  performed  in  late  1968  and  early  1969,.  Tho 
results  of  those  tests  on  the  LMSC/HX  SPARS 
mechanisation  were  very  enoouraglng  and  sup¬ 
ported  previous  analyses  and  simulation!  in  the 
oonolualon  that  tha  mechanisation  was  oapablt  of 
delivering  the  desired  aoouraoy, 

Two  types  of  mutually  supporting  testa  wars 
performed.  The  flrat  were  component  or  subsys¬ 
tem  teats  In  whloh  the  effeoto  of  varying  several 
aapeota  of  the  environment  were  noted.  The 
■econd  was  a  syatsm  test  In  whloh  the  external 
environment  waa  maintained  nominally  Invariant 
and  syetem  parameters  were  varied. 

SubejjetejaTjj^ 

Subsystem  testing  on  the  gyro  and  timing  unit  was 
atralght  forward  and  will  not  be  eUborated  upon 
here  (see  Ref.  4),  Ma.ior  emnhaale  waa  on  etar 
sensor  tasting.  Tssta  lnoluded  operation  on 
both  real  stars  outside  and  artlflolal  (simulated) 
atari  in  tha  lab.  They  covered  static  and  dynamic 
response  of  the  deteotora  over  a  range  of  star 
intensity  and  oolor  and  background  illumination, 
Two  areas  of  major  concern,  detector  sensitivity 
end  star  epooh  timing  aoouraoy  tor  different  star 
intensities,  were  studied  In  aome  depth.  Results 
are  summarised  here.  Illustrated  In  Fig,  11  are 
real-star  transits  of  Fab,  4,  1969,  which  show 
•lgnal-to-nolee  ratios  In  excess  of  90s  1  with 
SPARS  atar  transit  on  69  Ursa  Major  (ftjp  44,  Aft) 
through  moderately  clear  sky  condition. 


Figure  18  shows  ths  variation  In  epoch 
timing  (1.#.,  the  point  of  80  peroent  pulse  rise) 
with  etar  magnitude.  This  performance  la  ade¬ 
quate  to  provide  star  epooh  transits  of  a  fre¬ 
quency  end  aoouraoy  sufficient  to  support  SPARS, 

System  Taata 

Systems  testing  of  ths  SPARS  prssented  an 
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Figure  11.  Observed  Representative  Dim 
Star  Transit  Detsotlon 


Figure  19.  Epooh  Timing  Variation 
with  Star  Magnitude 
(sweep  speed  -  60  ms/dlv.) 

interesting  challenge  in  that  SPARS  performanos 
would  be  determined  by  measuring  the  orientation 
of  a  precision  rata  table,  as  it  rotated  at  840 
deg/ nr,  by  two  different  systems  of  oomparablo 
accuracy- -nsmsly  ths  lab  instrumentation  and 
SPARS.  From  this,  only  ths  difference  between 
the  two  measurements  la  available  and  neither 
measurement  can  be  considered  correct.  Fur¬ 
thermore  the  "lab  measurement  system'  was 
mad*  up  of  aeveral  Independent  instruments  in 
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contrast  to  the  SPARS  which  is  an  integrated 
measuring  system.  This  is  significant  in  that 
it  was  recognised  ahead  of  time  that  the  most 
difficult  aspect  of  establishing  the  performance 
of  SPARS  would  probably  be  establishing  a 
laboratory  test  concept  and  setup  having  suffi* 
oient  accuracy  to  "see"  the  SPARS  performance. 

The  system  teat  program  confirmed  this 
prediction.  The  measured  difference  between 
the  SPARS  measurement  and  the  laboratory 
measurement  exhibited  an  exponential  improve* 
ment  in  performance  with  Increased  test  time. 
After  correction  of  initial  setup  mistakes,  eto. , 
essentially  all  improvement  came  by  gaining 
Insight  into  the  'fine  structure"  performance  of 
the  test  facility.  The  most  valuable  tool  in  this 
process  was  SPARS  Itself. 

Figure  13  shows  the  final  results  of  mea* 
suring  table  rotation.  The  ordinate  "observation 
errorTl  is  the  difference  between  the  SPARS  mea¬ 
surement  and  the  lab  lnatrument  meaauramant  of 
table  angle.  The  abscissa  la  table  analo,  which 
ie  scaled  eo  that  the  ordinate  valuta  of  attitude 
error  for  aucceaelve  revolutions  are  shown  at 
tha  earn*  points.  This  plot  suggests  that  a  sig¬ 
nificant  part  of  the  error  ia  systematic  at  table 
period;  i.e.,  note  that  the  roll  error  for  revolu¬ 
tion  3  Ilea  nearly  on  top  of  the  roll  error  for 
revolution  2.  The  RSS  of  the  error  in  all  three 
axes  averaged  over  four  revolutions  In  the  final 
run  was  2P  As  an  indication  of  the  rate  of  im¬ 
provement  In  teet  performance,  the  RSS  total 
error  dropped  from  about  7  to  tha  final  value  of 
2  in  the  course  of  about  three  iterations  of  the 
teat  process  that  consisted  primarily  of  facility 
calibration  Improvement. 
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Figure  13.  SPARS  Observation  Error; 

Real-Time  System  Teet 


Since  there  is  no  known  error  eource  in  the 
SPARS  Itself  chat  is  systematic  at  table  period, 
It  la  considered  appropriate  to  ascertain  the 
SPARS  performance  by  removing  from  the 
observation  error  the  systematic  error  at  table 
period,  Doing  this  gives  e  total  random  obser¬ 
vation  error  of  1.  1.  Taking  the  probable  lab 
random  error  from  this  leaves  1  as  the  probable 
SPARS  error. 


CONCLUSION 


At  the  beginning  of  the  SPARS  program  It 
was  rtoognised  that  In  ordar  to  achieve  the 
SPARS  objective  of  Improving  attitude  reference 
system  performance  significantly  It  would  ba 
neoessiry  to  stretch  technology  a  little,  Small 
Increment  pulae  rebalance  etrapdown  gyros, 
strapdown  solid-stata  star  sensors,  recursive 
filtering,  resl-tlrhe  on  line  data  processing,  on- 
the-fly  laboratory  autocollimator  measurement 
and  stable  laboratory  stars  all  wars  elements  in 
this  need  to  stretoh 

As  a  result  of  the  program  to  data,  a  high 
level  of  oonfldenoe  now  exists  both  in  the  ability 
of  the  SPARS  system  to  deliver  Its  required 
performance  In  orbit  and  in  the  ability  to  teat 
the  system  to  thle  performance  In  the  laboratory. 
One  additional,  somewhat  subjective  result  of 
the  program,  has  also  become  apparent.  There 
aoems  to  have  developed  among  the  personnel 
associated  with  the  program  a  sense  of  aatisfac- 
tlon  In  knowing  thnt  in  conducting  SPARS,  they 
have  grown  a  little  in  thslr  sssroh  to  do  things 
a  batter  way. 
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Thus,  with  actual  hardware  operating  over 
a  limited  but  representative  eat  or  "worst  case" 
star  interval  conditions,  the  LMSC/H1  SPARS 
concept  wee  shown  to  have  the  capability  of 
meeting  the  SPARS  performance  requirement*. 


®Non-dtm*nsional  unite  normalised  to  the  SPARS  performance  requirement. 
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ABSTRACT 

Thia  pa  par  describes  data  procaaainf  algorithms  for  tha  LMSC/HI 
Spaca  Praciaion  Attituda  Reference  System  (SPARS),  emphasizing 
tha  application  of  diacrata  Kalman  filtar  thaory  to  tha  processing 
of  data  from  tha  atrapdown  gyro*  and  paaaiva  atar  aanaora.  Tha 
descriptions  are  at  a  laval  of  datail  that  raflacta  raflnamant  in  digi¬ 
tal  simulation  and  raal  time  ayatam  teat.  A  thraa  degree-of-free- 
dom  digital  aimulation,  which  includaa  tha  SPARS  aquations  along 
with  a  "truth  modal"  and  dynamic  error  sources,  la  described.  Re¬ 
sults  of  aimulation  runs  ara  presented  which  show  sensitivity  of 
attituda  reference  performance  to  atar  aanaor  geometry,  measure¬ 
ment  errors  and  detectability,  to  gyro  drift  and  to  computational 
errors.  Thaaa  re  a  alt  a  show  that  arrora  from  tha  dynamlo  error 
souroaa  ara  wall  within  tha  SPARS  requirements.  Results  of  a 
aeries  of  simulation  runs  to  determine  convergence  of  the  attitude 
error  from  large  initial  values  (acquisition)  are  presented,  Star 
aanaor  design  parameters  are  shown  to  have  a  significant  effect 
on  convergence  time.  The  paper  concluosa  with  a  summary  of 
computational  requirements,  showing  that  the  SPARS  algorithm 
aan  be  implemented  in  a  typical  modern  aerospace  computer. 


BmWPVCTMW 

The  SPAR3  algorithms  represent  a  new  ap¬ 
plication  of  recursive  filtering  to  atrapdown 
sensor  data  for  precise  determination  of  satellite 
attitude.  This  paper  preeents  a  detailed  descrip¬ 
tion  of  theae  algorithms  in  the  form  they  would  be 
ueed  in  an  orbiting  vehicle  with  an  on-board  digi¬ 
tal  computer,  An  all-digital  simulation,  with 
which  these  algorithms  have  been  analysed  and 
refined,  is  presented  along  with  some  simulation 
results.  As  described  in  more  detail  in  Ref.  1, 
these  results  have  been  verified,  using  the  SPARS 
algorithms  in  a  slightly  modified  form,  in  a 
dynamic  system  laboratory  test,  which  consisted 
of  the  real  time  determination  of  rate  table  atti¬ 
tude  to  high  precision. 

The  coming  of  age  of  the  high  speed  digital 
flight  computer  permits  a  transference  of  certain 
functions  from  the  hardware  to  the  software  with 


a  consequent  overall  reduction  in  hardware  com¬ 
plexity  and  improvement  in  system  performance. 
In  SPARS,  the  atrapdown  star  sensors  provide 
discretes,  and  the  function  of  relating  these  to 
one  another  to  bound  the  drift  of  the  atrapdown 
gyro  data  is  performed  in  the  computer.  By 
providing  near-instantaneous  sensing  of  vehicle 
non-linear  dynamics,  the  gyros  create  a  refer¬ 
ence  trajectory  about  whicn  attitude  errors  be¬ 
have  linearly,  thus  permitting  use  of  linear  re¬ 
cursive  filtering  without  torque  modeling.  The 
recursive  approach  maintains  a  current  and  ac¬ 
curate  attitude  reference  without  the  difficulties 
inherent  in  batch  processing  of  large  quantities 
of  data. 

« 

The  concept  of  applying  recursive  filtering 
to  attitude  determination  was  first  proposed  in 
the  SPARS  Phase  O  proposal  in  early  1967  (Ref.  a) 
In  support  of  the  proposal,  s  single  degree- of - 
freeaom  simulation  was  performed.  Simulation 


The  conception  of  the  algorithms  and  tha  generation  of  the  simulation  program  was  Honeywell- 
aponaored  in  early  1967  The  Simula Kon  analysis  effort  was  carried  out  under  subcontract 
24-18683  to  Lockheed  Missiles  and  Space  Company. 
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was  expanded  to  a  complete  three  degree-of- 
freedom  simulation  (described  herein)  in  the 
mid- 1967  period  prior  to  commencement  of  the 
Phase  O  SPARS  contract  in  December,  1967. 

The  majority  of  the  eimulation  effort  wae  car¬ 
ried  out  under  the  Phase  O  contract  (Ref.  3). 

Moat  of  the  algorithm  details,  including  the 
portions  considered  to  he  original,  were  devel¬ 
oped  in  the  mid -1967  time  frame.  The  excep¬ 
tion  wac  the  extension  of  the  recursive  approach 
to  acquisition3,  an  approach  which  was  taken  in 
Phase  O  after  initial  attempts  to  use  a  discrete 
batch  processing  approach  had  yielded  poor  re¬ 
sults,  Three  noteworthy  innovation*  devised  for 
the  SPARS  application  and  Incorporated  into  these 
algorithms  aret  1)  the  particular  us*  in  the 
measurement  calculation  of  the  dot  product  be¬ 
tween  the  star  sensor  detector  (lit  normal  and 
the  star  vector,  3)  the  uee  of  the  dot  product 
variance,  computed  in  the  weighting  function 
calculation,  aa  a  tolerance  factor  in  the  decision 
making  process  for  star  identification,  and  S) 
the  formulation  of  the  note*  term  in  the  covari¬ 
ance  matrix  propagation  using  teat-verified 
white  noiu*  drift. 

Thee*  and  the  other  SPARS  algorithms, 

■uch  as  star  catalog  sorting,  gyro  rate  calcu¬ 
lation  and  Integration,  and  derivations  of  the 
gaomelry  matrix  and  transition  matrix  equations, 
are  presented  in  a  level  of  detail  that  if*  meant 
to  convey  the  great  depth  to  which  algorithm  de¬ 
velopment  has  progressed  in  tho  SPARS  simula¬ 
tion  and  teat  program.  Ths  descriptions  of  the 
simulation  program  and  simulation  results  are 
not  presented  in  the  same  level  of  detail.  The 
reader  la  referred  to  Ref.  3  for  an  in-depth 
treatment  of  these  subjects. 


SEHSPR-WKCBET 

Ths  SPARS  usss  two  complsmenting  forms 
of  sensor  datai  gyro  data  to  providt  an  essen- 
tially  continuous  attitude  rafersnee,  and  star 
sensor  data  to  bound  ths  long  term  gyro  drift. 
Strapped  down  mechanisations  of  both  types  of 
soneors  are  used.  A  brief  description  of  thee* 
sensors  follows:  more  detailed  description*  are 
given  In  Refa.  1  and  4. 

The  Inertial  referonce  aaaembly  (IRA),  de¬ 
scribed  In  Ref.  4,  usee  three  single  degree -of- 
freedom  rate  integrating  gyro*  mounted  with 
their  input  axes  forming  a  nominally  orthogonal 
triad.  A  ternary  pule*  rebalance  mode  is  used 
to  maintain  good  scale  factor  stability  and  mini¬ 
mise  random  drift.  The  IRA  outputa  are  three 
asynchronous  puls*  trains,  each  pulse  repre¬ 
senting  a  fixed  increment  of  the  integral  of  rate 
experienced  by  the  vehicle  abo'-t  the  respective 
gyro  input  axle.  Each  pulao  train  la  lummod  in 
a  separate  precounter,  the  contents  of  which  are 
periodically  strobed  into  a  digital  computer  for 
solution  of  attitude  change  over  the  sample  period. 


The  relatively  benign  angular  motion  of  the 
satellite  enables  this  solution  to  be  accomplished 
at  a  relatively  low  frequency  without  the  uaual 
concern  for  the  "coning"  considerations  of 
strepdown  attitude  computations, 

The  two  identical  SPARS  atar  aensora,  also 
described  in  detail  in  Ref,  3,  each  utilise*  medi¬ 
um  fi*ld-of-view  (<  10*)  concentric  optics  to 
image  a  portion  of  the  celestial  sphere  on  a 
detector  surface.  The  detector  consists  of  a 
number  of  photosens  iv#  elements,  hereinafter 
denoted  aa  elite,  arranged  in  a  spoke-like  array 
to  take  advantage  of  the  relative  motion  of  the 
atar  field  caused  by  the  nominal  pitch  motion  of 
the  Earth* stabilised  vehicle.  Fig.  1  shows  the 
arrangement  of  the  star  sensor  viewing  direc¬ 
tions  and  slit  orientations  with  respect  to  the 
vehicle.  The  values  of  0  and  v  can  be  varied 
over  a  wide  range  to  accommodate  vehicle 
mounting  constraint*  without  significantly  af¬ 
fecting  attitude  reference  performance. 

The  basic  star  sensor  measurement,  re¬ 
ferred  to  as  a  transit,  is  the  epoch  at  which  ths 
imago  of  a  atar  crosses  one  of  the  photo-sensi¬ 
tive  slits.  This  generates  a  current  pulse  which 
■tsrte  a  counter  that  la  terminated  at  the  next 
IRA  precounter  sampling  time.  The  contents  of 
the  atar  sensor  counter  are  strobed  Into  the  digi¬ 
tal  computer  along  with  the  IRA  data,  These  data 
allow  correction  of  the  attitude  state  at  the  pre¬ 
cise  instant  that  the  transit  occurred. 

The  orientations  of  ths  star  senior  elite  are 
precisely  measured  in  a  preflight  calibration,  A 
single  transit  provides  information  of  vehicle 
orientation  with  respect  to  the  measured  atar. 
Coupled  with  the  knowledge  of  star  celestial  co¬ 
ordinates,  a  transit  provides  partial  information 
of  vehicle  inertial  attitude,  Multiple  transit*  on 
different  stars  and  on  slits  of  varying  angle  with 
respect  to  vehicle  motion  provide  the  necessary 
data  for  complste  attltuds  update, 


Fig.  1,  Star  Sensor-Vehicle 
Ooometry 


Suggested  by  Dr.  J.  L.  Lemay 
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The  commutation  error  occurs  only  when 
there  are  simultaneous  rates  about  two  or  more 
axes.  The  magnitude  of  a  typical  error  term 
per  sample  is  roughly  given  by  the  product  of 
the  accumulated  angle  integrals  (in  radians) 
about  two  input  axes  over  a  sampling  interval. 
For  nominal  body  rates  and  sampling  intervals 
in  the  SPARS  application,  the  commutation 
error  will  Introduce  an  equivalent  drift  into  the 
body  attitude  solution  that  la  lass  than  one  tenth 
the  random  gyro  drift.  However,  for  worst  case 
body  rates,  the  drift  becomes  sufficiently  large 
such  that  a  correction  la  desirable. 

A  straightforward  method  of  correction  is 
provided  by  fitting  a  polynomial  to  successive 
values  of  s  A6j,  then  differentiating  that  function 
to  obtain  rate  at  the  end  points.  This  approach 
has  bean  taken,  using  a  second  order  curve  fit 
(Rsf,  5  ).  An  equivalent  result  was  obtained  in 
Ref,  g.  The  expression  resulting  for  derived 
gyro  rets  ffg  is  (from  Rsf,  6  )i 

VkKaAW-  *>i<W)rit  (1) 

where  A9j(tk)  is  the  precounter  sum  over  the 
last  sampling  interval.  At,  for  the  1th  gyro 
(1  ■  x,y,  or  s)  and  is  the  sum  over  the 


) 


Fig.  2.  Block  Diagram  of  SPARS  Computational  Function 


DATA  PROCESSING  CONCEPT 

The  SPARS  data  processing  can  be  divided 
into  two  major  categories!  gyro  data  processing 
and  atar  sensor  date  processing,  Thasa  take 
place  at  different  frequencies)  the  gyro  date  is 
procssstd  at  a  constant  frequency  of  several  times 
per  second,  end  the  star  sensor  data  is  processed 
at  irregular  intervals  as  determined  by  star  tran¬ 
sits.  rig,  2  shows  a  block  diagram  with  these 
functions  further  subdivided. 


After  processing  in  the  precounters,  the  IRA 
gyro  data  is  input  to  the  computer  for  rste  de¬ 
rivation,  gyro  bias  compensation,  gyro  misalign¬ 
ment  correction,  and  attitude  (direction  cosins) 
solution.  Qyro  data  processing  blocks  are  those 
In  the  lower  half  of  Fig.  2. 

Rate  Derivation  -  Let  the  lum  of  the  gyro 
pulses  be  denoted  by  A9i  where  i  •  x,  y,  z. 

These  are  measures  of  the  integrals  of  rate  about 
the  respective  gyro  input  axes  over  the  sampling 
interval.  A  first  ordsr  approximation  for  rate 
would  yield  wgi  •  Adi /At  and  the  ao-called  com¬ 
mutation  error,  whlcn  arises  from  the  fact  that 
angles  are  not  vectors  and  thus  do  not  commute. 
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previous  sampling  interval  for  that  same  gyro. 
Equation  (1)  yields  a  second-order  estimate  of 
the  gyro  sensed  rates  at  the  end  of  the  most  re¬ 
cent  sampling  interval  (tfc). 


Rates  at  the  beginning  of  that  interval  are 
given  by 

wg1(tk-i>  ‘  r6W+  ait (8) 

Both  uc,(tu)  and  w-.ft^-i)  are  used  in  the  body 
attitudl'solutlon  described  in  a  later  paragraph. 
Only  ugjft^ls  used  for  the  rate  output, 


Qvro  Non- orthogonality  Correction  --  The 
actual  alignments  of  ths  gyro  input  axes  art  not 
cricital,  but  must  be  measured  and  compensated 
for  accurately.  Ths  equation  for  ths  compensa¬ 
tion  ist 


W-i'JW  <s> 


and 
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U^(t) 

8 

u>  <t> 

g* 

and 

[T  B1  a  3  x  3  matrix, 

generally  non-orthogonal,  which  is  determined 
in  a  pre-flight  calibration  of  the  IRA.  The  re¬ 
sultant  orthogonal  rats  vectors  w0(t|()  and  D0  x 
(t^.i)  represent  the  measured  rate  components 
along  the  same  three  axes  to  which  the  star 
sensor  photosensitive  elements  are  referenced. 


Gyro  Drift  Compensation  --  Estimated  ve¬ 
hicle  rites,*  tJT  are  obta’i  ne7j>y  adding  the  gyro 
drift  compensation  vector,  Bg,  to  the  orthogonal 
meitsurnd  rates 


and 


S(tk>  '  =oV  +  Rg 


(4) 


gyro-measured  rates.  Among  these  are  Euler 
angles,  direction  coeines  and  symmetrical 
Euler  parameters  (a  form  of  quaternions).  Euler 
angles  are  undesirable  in  that  a  numerical  solu¬ 
tion  of  equations  using  thsm  involves  time-con¬ 
suming  trigonometric  functions,  Direction  co¬ 
sines  involve  only  multiplications  and  additions 
in  the  solution,  but  there  are  nine  equations 
which  must  be  solved.  Symmetrical  Euler  param¬ 
eters  hold  some  advantages  In  that  there  are  only 
four  equations  to  be  solved,  again  involving  only 
multiplication!  and  additions,  However,  since 
ths  attitude  output  of  SPARS  is  to  be  used  in 
coordinate  transformations  for  Earth  targeting, 
dirsotion  cosines  will  be  nscsssary  in  any  oass, 
This  would  raqulra  a  special  transformation  from 
the  four -pa  ram  star  sat  to  direction  coainea,  tak¬ 
ing  extra  computer  storage  as  wall  as  computa¬ 
tion  tlms.  Therefore,  direction  cosines  have 
been  chosen  for  the  SPARS  body  attitude  solution, 


Ths  equations  to  be  solved  are t 
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where  kn,  un,  vn  denote  direction  cosines  between 
the  body  x,  y,  t  axea,  respectively,  and  tha  nth 
inertial  axis  (n  •  1,  3,  3),  The  times  t^  And  tu.  j 
denote  present  end  last  previous  times  at  whten 
ths  gyro  precounters  were  sampled. 


Equations  (6)  are  solved  numerically  by  a  second 
order  improved  Ejilor  integration  scheme.  Tha 
rates  w(tit-j)  and  w(tu)  from  Eqs.  (4)  and  (S)  rep¬ 
resent  the  rates  at  the  beginning  and  the  end  of 
the  integration  Interval,  and  ore  substituted  into 
Eq,  (6)  for  the  u>i  (1  ■  x,  y,  z)  as  appropriate  for 
the  second  order  solution. 


“(tk-l)  =“o<tk-l>+  _  (5) 

which  implies  that  the  components  of  B-  are  cor¬ 
rection  terms  for  drift  about  the  ortho^bnal  body 
reference  axes  rather  than  the  gyro  input  axes. 
Since  these  corrections  are  for  constant  drift, 
there  is  no  need  to  apply  the  compensation  about 
the„gyro  input  axes.  Furthermore,  the  elementa 
of  Bg  are  updated  periodically  from  star  sight*, 
which  are  all  related  to  the  orthogonal  body  ref¬ 
erence  axes.  Use  of  gyro  drift  corrections  in 
these  same  axea  saves  one  extra  coordinate  trans¬ 
formation,  The  updating  of  Bg  is  described  in  a 
later  paragraph. 

Body  Attitude  Solution  --  There  are  many 
types  of  parameters  which  can  be  used  to  imple¬ 
ment  the  numerical  solutions  of  attitude  from 


The  body  attitude  solution  is  incremental  in 
nature  rather  than  absolute,  and  as  such  the  gyro 
precounters  must  be  sampled  and  processed  with¬ 
out  losing  any  data.  This  implies  use  of  an  in¬ 
terrupt  in  interfacing  the  gyro  precounters  with 
the  computer, 

The  nine  direction  cosines  of  Eqs.  (6)  re¬ 
ceive  their  initial  conditions  from  and  are  updated 
periodically  by  the  star  sights,  which  bound  the 
errors  in  attitude  resulting  from  random  gyro 
drift  and  other  lesser  error  source*.  Among 
theee  lesser  error  source*  are  the  effects  of 
computational  roundoff  and  truncation  as  well  as 
the  commutativity  effect  mentioned  earlier.  The 
computational  errors  will  cause  the  direction 
cosines  (hereinafter  denoted  collectively  as  TR], 
the  3x3  transformation  from  inertial  to  body”1 
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coordinates)  to  become  non-orthogonal.  This 
iu  corrected  aa  part  o £  the  attitude  updating 

process  once  per  star  sight,  as  described  in  a 
later  paragraph.  The  overall  effects  of  compu¬ 
tational  errors  are  described  in  a  later  portion 
of  this  paper. 

Star  Sensor  Data  Processing 

The  processing  of  data  from  the  star 
sensor  la  shown  in  the  upper  half  of  Fig,  a, 
Based  on  the  input  star  sensor  counter  value, 
the  attitude  matrix  la  Interpolated  beck  to  the 
star  transit  time,  the  star  involved  in  the  tran¬ 
sit  is  identified,  a  dot  produot  is  computed  ualng 
abberatlon  corrected  star  catalog  data,  and  tha 
attitude  and  gyro  blaa  states  are  corrected  using 
a  Kalman  filter-generated  weighting  function, 


Interpretation  of  StarSenspr  Input  Data  — 

As  described  earlier,  a  etar  senior  transit  puli s 
starts  a  counter  in  the  Interface  and  timing  unit 
which  la  terminated  at  the  next  gyro  eampling 
instant.  The  oontents  of  the  counter,  termed  the 
interpolation  Interval,  Is  Input  to  the  computer 
along  with  the  gyro  data.  Also  Input  to  the 
computer  at  the  same  time  is  a  coded  word  In¬ 
dicating  whloh  slit  waa  involved  In  tha  transit. 
This  latter  Information  is  not  actually  neoas¬ 
sary  during  steady  state  operation  when  the 
attitude  uncertainty  la  sufficiently  small  lo 
permit  slit  identification  in  the  software.  How¬ 
ever,  information  la  neoeaaary  for  the  acqui¬ 
sition  procees  from  largo  Initial  attitude 
uncertainties,  aa  will  be  explained  later. 


The  Interpolation  Interval  la  addsd  to  the 
star  sensor  time  daisy,  which  la  predetermined 
from  a  atar  aaneor  calibration,  and  the  sum  la 
uaed  to  define  tha  Umlte  In  Boa.  (6)  for  an  Inte- 
gratlon  of  the  attitude  matrix  baokward  from  tk 
to  the  time  of  transit,  Nots  that  thla  calcu¬ 
lation  la  parformed  only  when  a  transit  haa 
occurred  within  the  laat  gyro  eampling  lntarval, 
which  ia  seldom,  relative  to  frequency  of 
aolutlons  of  Eqa,  (6). 

Star  Catalog  and  Sorting  Computation  -- 
Before  the  attitude  matrix  at  tranalT  time'  can 
be  uaed  to  compute  the  star  measurement,  the 
atar  Involved  in  the  transit  must  be  Identified, 


The  on-board  atar  catalog  consists  of  the 
right  aeoenalon,  arc  ,  and  declination,  5*  <  In 
fixed  inertial  coordinates,  of  all  stars  to  be 
utilized  in  a  given  mlaelon.  It  In  conceivable 
that  thla  catalog  could  Include  only  a  segment 
of  the  celestial  sphere  covering  e  "swath"  equal 
to  the  senior  field  of  view  plus  allowances  for 
limit  cycle  excursions  and  orbital  precession. 
However,  this  implies  prior  knowledge  of  the 
orbit  orientation  in  inertial  space,  which  could 
be  changed  considerably  due  to  launch  delays . 

Rather  than  require  channel  in  the  star 
catalog  right  up  to  the  time  of  launch,  it  la 
considered  desirable  to  pay  the  small  penalty 
in  computer  storage  necessary  to  store  coordi¬ 
nates  of  all  deteotablc  atari  in  the  celestial 
aphere. 


For  convenience  in  sorting,  a  special, 
temporary  star  catalog  is  periodically  created 
in  the  computer  from  the  inertial  catalog  des¬ 
cribed  above.  It  ie  an  orbit- oriented  catalog, 
for  which  right  aeoenalon,  a 0  ,  and  declination, 
5°  ,  with  respect  to  a  nominal  orbit  plane,  are 
computed  tor  each  atar,  The  computation  usee 
a  transformation,  TOI,  relating  orbital  to 
inertial  coordinate!,  It  is  defined  ae 
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where  in  and  CIq  are  the  nominal  orbit  inclin¬ 
ation  ana  nodal  longituds,  respectively.  The 
equation!  for  o°  and  0°  are: 


and 
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Only  those  atari  which  are  within  a  certain 
ranga  of  declinations  are  put  in  the  temporary 
catalog.  Tha  ranee  of  deolinatlone  Is  defined  by 
the  sensor  field  of  view  plue  an  allowance  for 
limit  oyole  excursion!.  Those  within  the  range 
form  a  "swath"  of  stars  for  whloh  only  the  right 
ascension  and  an  idantifloatlon  number  (referring 
to  the  permanent  Inertial  oatalog)  are  stored. 

A  echematio  of  e  swath  in  a  portion  of  the  ce¬ 
lestial  sphere  is  shown  in  Fig,  3.  Only  one 
euch  swath  is  needed  if  the  two  star  sensor  tele¬ 
scope!  are  mounted  on  the  aame  aide  of  the 
vehicle  at  the  same  angle  from  the  orbital  plane. 
The  swath  must  be  updated  periodically  to  ac¬ 
count  for  orbital  precession, 

In  addition  to  the  above  once  per  day  sorting 
on  declination,  the  number  of  candidate  stars 
can  be  further  reduced  at  the  time  of  transit  by 
sorting  on  right  ascension.  This  ie  done  by 
computing  the  right  ascensions,  a«|  ,  and 
<»a 2  ,  of  both  star  sensor  telescope  optical  axes 
in  the  orbit  coordinate  frame,  then  retaining  for 
•tar  identification,  only  thoee  stare  whose  a° 
are  within  a  range  of  one  of  theee  two  values 
(aee  Fig,  3).  The  sensor  right  ascensions  In 
the  orbit  frame  are: 


\  9  arC,anjv°LOS1ALOS))  (11) 
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Fig.  3.  Star-Telescope-Swath 
Geometry 


B  B 

and  where  LOS*  and  LOS2  are  the  two  vector* 
defining  the  atar  aenaor  teleacope  optical  axe*  in 
the  body  reference  frame;  theae  are  atored  con- 
atanta,  The  transformation,  Tbi  (tm),  la  the 
body  attitude  aolutlon  Interpolated  back  to  the 
time  of  meaaured  tranalt. 

Equations  (11)  and  (12)  are  used,  together 
with  the  temporary  atar  catalog  (stored  in  order 
of  Increasing  o°  to  simplify  sorting),  to  deter¬ 
mine  those  atars  which  are  within  the  candidate 
range  for  transit.  Each  euch  star  Is  corrected 
for  abberatlon  and  used  In  a  final  atar 
identification. 

Aberration  Correction  •-  Correction  for 
abberatlon  of  the  apparent  star  poaitlona  must 
be  made  for  both  vehicle  velocity  around  the  Earth 
and  Earth  velocity  around  the  Sun.  The  cor¬ 
rections  are  necessary  because  the  effect  of 


these  velocities  causes  shifts  in  apparent  star 
position  by  several  seconds  of  arc  over  an  orbit 
and/or  mission. 

Only  rough  estimates  of  vehicle  and  Earth 
velocity  are  needed  to  make  adequate  aberration 
corrections.  To  obtain  the  components  of  Earth 
velocity  around  the  Sun,  the  value  of  time,  t,  and 
Initial  Earth  angle  in  the  Ecliptic,  to  ,  (for 
t  •  0)  are  required.  Earth  velocity  is  then 
roughly 


where  VEavs  l»  the  average  linear  velocity  of 
the  Earth  ardund  the  Sun,  1b  Is  the  inclination 
of  the  ellptlc  to  the  equator,  and  t  Is  in  hours. 

The  vehicle  velocity,  Vs  ,  may  be  provided 
from  an  external  computation  to  SPARS,  or  It 
may  be  estimated  from  body  attitude  as  follows: 


where  is  an  average  lines*  velocity  of 

the  vehicle  abound  the  Earth  and  Xn1  la  the 
transpose  of  the  first  row  in  the  body  attitude 
matrix,  Tpi)  i.e.,  \j  ,  \2  .  and  1.3  fromEqs, 
(8).  Equation  (18)  Is  valid  when  the  vehicle  Is 
Earth-stabilized  In  a  near-circular  orbit. 

The  aberration  correction  for  both  the  above 
velocities  is  a  simple  vector  addition 


_  _  rc°""ckco,6ck' 

K1  "  '  *"  *  Blnockcosflck  (16) 

■  *inack 

**4  tK 

where  is  the  apparent  position  of  the  k  star 

In  the  Cartesian  inertial  frame,  c  is  the  speed  of 
light,  and  the  terms  In  the  brackets  are  the  vec¬ 
tor  components  of  the  kth  star  In  Inertial  co¬ 
ordinates  as  calculated  from  the  stored  right 
asoention  onk  and  declination  fiqk*  The  result 
from  Eq.  (16)  1*  not  a  unit  veotor;  now  ever,  the 
deviation  Is  so  small  (on  the  order  of  one  part 
in  10®)  that  normalization  of  la  not  neceesary. 

For  each  star  that  Is  identified  as  a  transit 
candidate  using  the  temporary,  orbit  oriented 
atar  catalog,  the  correction  of  Eq,  (16)  is  made 
prior  to  final  star  identification.  The  Identifi¬ 
cation  number  stored  in  the  temporary  catalog 

Srovides  the  means  for  referring  back  to  the 
tertlal  ac  and  6C  for  use  in  Eq.  (16). 
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Identification  of  the  star  involved  in  the  tranalt 
is  the  value  of  the  star  aenaor  measurement; 
i.  e. ,  the  dot  product  between  the  star  vector 
and  the  star  sensor  detector  slit  normal. 

For  a  transit  to  occur,  a  star  vector  must 
intersect  one  of  the  star  sensor  photodetector 
slits.  As  shown  in  Fig.  4,  the  photodetectors 
in-  either  telescope  consist  of  six  slits  across 
the  field  of  view,  It  is  assumed  that  each  de¬ 
tector  slit  defines  a  single  plane  with  the  tele¬ 
scope  optical  axis.  The  jth  slit  plane  is  defined 
by  a  unit  normal  vector  ,  f  Nj  .  Deviations 
along  any  slit  from  the  planar  Assumption  rep¬ 
resents  one  of  the  error  sources  in  star  measure¬ 
ments.  Part  of  this  error  can  be  removed  with 
appropriate  calibration  and  software. 3 

When  a  star  vector  intersects  a  slit  plane, 
the  dot  product  of  the  star  vector  and  the  nor¬ 
mal  to  that  plane  should  be  zero.  That  is, 

DOT  -  0  in 

DOT  ■  ^  •  §k  (17) 

for  the  correct  star,  k. 


Fig,  4.  Star-Telescope  Geometry 
at  Time  of  Transit 


3 

Six  slits  are  used  in  SPARS.  A  larger  num¬ 
ber  of  slits  may  be  used  with  a  correspondingly 
larger  number  of  defining  vectors. 


The  slit  normal  vector,  iNj  ,  is  fixed  in 
body  coordinates,  whereas  the  star  vector, 

§k  ,  is  fixed  (except  for  aberration  corrections) 
in  inertial  coordinates.  In  order  to  evaluate 
DOT,  one  of  these  vectors  must  be  transformed 
into  the  frame  of  the  other.  The  transformation 
involved  la  that  resulting  from  the  body  attitude 
solution,  Tbi  .  If  we  choose  to  resolve  the 
star  vector  into  body  coordinates,  Eq.  (17)  can 
be  written  as; 

°°T  “7NjB  •  j  [tbiV]  Vj  <l8) 

where  the  tm  indicates  that  the  specially 
evaluated  Tbj  si  the  transit  time  la  used  in 
the  solutions  of  Eq.  18. 

The  procedure  for  finding  the  star  causing 
the  transit  is  to  evaluate  DOT  for  each  candidate, 
using  the  Tnh  for  the  slit  identified  by  the  input 
identificatiomword,  and  compare  the  result  with 
a  preset  threshold  or  tolerance.  The  latter  is 
a  function  of  the  system  performance  level, 
determined  by  the  Kalman  filtering  calculations, 
and  is  described  in  a  later  paragraph.  DOT  for 
the  correct  star  should  be  less  than  the  toler¬ 
ance;  all  other  DOTS  should  be  larger. 

If  more  than  one  of  the  star  candidate! 
yield  a  |DOT  |  less  than  the  tolerance  (which  1b 
extremely  unlikely  during  steady  state  operation 
when  the  tolerance  level  is  very  small),  the 
measurement  is  declared  invalid  and  no  statu 
corrections  are  made.  Similarly,  if  none  of  the 
candidates  yield  a  |DOT  |  leas  than  the  tolerance 
(as  would  bo  the  case  when  a  star  that  is  not  in 
the  catalog  has  caused  the  transit),  the  measure¬ 
ment  is  disregarded.  This  technique  eliminates 
the  probability  that  uncatalogued  stars,  illumin¬ 
ated  dust  particles,  or  ambiguous  transits  can 
cause  improper  state  correc*:ons  to  be  made. 
Furthermore,  it  enables  exercise  of  choice  in 
selecting  the  on-board  star  catalog,  in  that  all 
detectable  stars  need  not  be  catalogued.  In 
regions  of  the  any  where  stars  are  more  closely 
spaced,  only  selected  stars  would  be  catalogued, 
which  reduces  computer  storage  without  sacri¬ 
ficing  overall  system  performance. 

When  a  single  valid  transit  candidate  has 
been  identified,  the  value  of  DOT  for  that  star 
is  used  for  tne  state  correction.  Note  that  for 
a  perfect  star  sensor  measurement  DOT  repre¬ 
sents  the  sine  of  the  angle  which  is  tike  projection 
of  the  system  attitude  error  onto  a  plane  parallel 
to  the  star  vector  and  perpendicular  to  the  alit 

£lane.  Since  DOT  is  small  at  a  transit  calcu- 
ition,  a  first  order  approximation  can  be  made 
equating  DOT  to  the  value  of  the  above  error 
angle  in  radians.  This  1b  the  quantity  to  be 
multiplied  by  the  Kalman  weighting  vector  for 
state  correction. 

State  Correction  --  The  SPARS  data 
processing  concept  makes  use  of  linear  recursive 
filtering  theory  to  correct  state.  Since  the  baste 
SPARS  equations  of  attitude  are  non-linear,  they 
must  be  ltneartzed  to  apply  this  theory.  The 
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approach  is  valid  if  the  system  behaves  linearly 
when  perturbed  about  the  non-linear  solution, 
obtained  numerically  in  the  on-board  computer. 
This  in  true  in  the  SPARS  case. 

Although  the  non-linear  solution  of  attitude 
utilises  direction  cosines,  it  is  undesirable  to 
linearize  these  equations  to  define  state.  They 
are  nine  parameters,  and  are  not  independent. 
Instead,  three  Independent  Euler  angles  are 
used,  along  with  the  three  gyro  bias  correction 
terms,  as  the  variables  from  jvhich  linearized 
state  is  derived.  The  state.  X,  is  defined  as 


The  Euler  angles  for  this  sequence  are 
related  to  the  direction  cosines  by 
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where  [Tqi]  Is  the  inertial-to -orbit  transfor¬ 
mation  defined  by  Eq.  (7)  once  per  day.  From 
this  arc  defined  the  Euler  angles 


where  the  top  three  elements  are  linearized 
Euler  angles  and  the  bottom  three  are  linearized 
gyro  bias  corrections.  The  incremental  cor¬ 
rection  to  state  la  given  by 

aX  ■  R<(DOT)  (20) 


d  ■  arctan 
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where  R  is  a  six-element  weighting  veotor,  the 
generation  of  which  la  described  in  a  later 
paragraph. 

In  order  to  apply  this  state  correction  after 
a  star  transit,  the  direction  cosines  of  the  body 
attitude  solution  must  first  be  converted  to 
Euler  angles.  The  corrections  of  Eq.  (201  are 
then  added,  the  first  three  elements  of  AX  to 
the  Euler  angles,  and  the  last  ttiree  to  the  gyro 
bias  correction  terms  Bx  .  By  ,  and  Bz  [used 
in  lDqe.  (4)  and  (5)1  Although  this  conversion 
to  and  from  Euler  angles  would  seem  to  require 
extra  computation  time  as  well  as  storage  rela¬ 
tive  to  performing  all  computations  with  Euler 
angles,  overall  time  is  actually  reduced  be¬ 
cause  the  high  speed  body  attitude  solution 
utilizes  direction  cosines,  which  are  more  ef¬ 
ficient,  as  discussed  in  a  previous  paragraph. 
Furthermore,  the  procedure  automatically 
orthogonallzea  the  direction  cosine  matrix,  thus 
no  speoial  function  is  needed  for  this  purpose. 

The  equations  used  to  perform  the  trans¬ 
formations  between  direction  cosines  and  Euler 
angles  depend  on  the  Euler  angle  sequence.  To 
avoid  singularities  involved  in  computing  Euler 
angles  from  direction  cosines,  the  sequence  Is 
defined  relative  to  the  orbit-oriented  coordinate 
frame.  Use  of  a  pltch-roll-yaw  (8-e- i)  se¬ 
quence  then  avoids  the  "gimbal  lock"  problem 
In  that  the  roll  and  yaw  angles  are  known  to  not 
exceed  a  tew  degrees. 


The  computational  functions  of  star  catalog 
sorting,  aberration  correction,  and  transit  time 
prediction  may  take  as  long  as  one  or  two  gyro 
precounter  sampling  Intervals  to  oomplete,  It  la 
assumed  that  the  linear  correction  to  state  con 
be  made  at  that  time  rather  than  at  the  time  of 
measurement  with  negligible  error.  The  last 
solution  of  Tbi  (tk)  is  thus  used  In  Eqa.  (23) 
and  (22)  to  compute  Euler  angles.  After  the 
corrections  to  state  are  applied  by  adding  the 
elements  of  AX  from  Eq.  (20)  to  the  appropriate 
Euler  angles  and  gyro  bias  compensation  terms, 
the  conversion  back  to  direction  cosines  is  made, 
ujlng  Eq.  (21),  to  obtain  the  updated  attitude  at 
the  same  time,  tfe  .  Thle  becomes  the  new  Initial 
condition  for  the  body  attitude  solution,  Eq,  <G). 

Weighting  Function  Generation  —  As  des- 
cribed  in  the  preceding  section,  tKe  SPARS  data 
processing  concept  is  an  application  of  linear 
recursive  estimation  theory.  This  theory  is 
well  known  and  documented  in  the  literature; 

Ref,  7  gives  an  over -all  view  with  pertinent 
comments  that  will  be  ‘eferenced  herein. 

The  essence  of  linear  estimation  theory  le 
the  solution  of  a  (six  element)  weighting  vector, 

K.  which  provides  a  means  for  correcting  state 
in  real  time  that  minimizes  the  expectation  of 
error  in  a  least  squares  sense.  The  weighting 
function  le  computed  from  a  6  x  0  covariance 
matrix,  P,  which  is  a  running  estimate  of  sys¬ 
tem  error  statistics,  As  derived  in  Ref.  7,  the 
computation  is 
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K  »  PHT  IKPHT  +  R] 


(24) 


where  H  la  a  geometry  matrix  of  partial 
derivative!  relating  perturbation!  In  !tate  to 
perturbations  In  measurement,  and  R  la  the 
eatlmated  meaaurement  covariance  matrix.  For 
the  SPARS  oaae,  the  meaaurement  la  a  scalar, 
hence  R  la  the  variance  of  the  atar  aenaor  un¬ 
certainty  In  angular  unite.  Eq.  (34)  la  aolved 
once  per  atar  tranalt  and  uaad  in  the  atata  cor¬ 
rection.  The  geometry  matrix  (a  1  x  6  row 
veotor  In  thle  oaae).  la  derived  In  Appendix  A 
to  be: 


H  •  H(r»f  •  *81*01  V)  <»> 

The  covariance  matrix,  P,  In  Eq,  (34)  ia  time 
variant.  In  the  SPARS  application,  lta  compu¬ 
tation  can  be  dlaorete  (aee  Ref.  7)  aince  the 
atar  meaaurementa  occur  relatively  Infrequently 
with  reepect  to  the  high  apeed  aolution  of  atata, 

In  the  die  crate  computation,  the  covariance 
matrix,  P,  la  propagated  from  the  time  of  one 
meaaurement  to  the  next  by  meana  of  a  6  x  6 
tranaltlon  matrix,  «  (tk;  tk-i ),  which  la  defined 
M  that  matrix  which  relatea  linearized  atate, 

Jt,  from  one  time,  tk-i ,  to  the  next,  t^  ,  by 

*<V  .  [#<vw]  *(W  <a8> 

The  propagation  equation  la: 

P<y  •  |  <y  W  P  Vi>l  TtVVi)  +  u  (37) 


whero  tk-i  and  tk  are  tlmaa  of  the  prevloua 
and  preaent  atar  tranalta,  respectively,  and 
U(tk)  la  a  matrix  representing  the  contributlona 
to  ayatem  error  a,  between  meaaurementa,  of 
unuiodelod  or  inaocuraely  modeled  ayatem 
dynamlca,  1.  e. ,  plant  noise,  Included  in  the 
latter  arc  computational  errora,  and  moat  im¬ 
portantly,  random  gyro  drift! , 


The  tranaitlon  matrix,  »  (tk;  tv.;),  la 
obtained  by  numerical  integration  of  the  equation 


(28) 


Since  [7]  ia  a  matrix  of  time  varying  coefficient! 
from  the  body  attitude  aolution,  thla  Integration 
muat  take  place  In  parallel  with  the  aolution  of 
Eq,  (8).  The  matrix  [F]  ia  derived  ui  Appendix 
B,  and  la  aa  follow  a: 
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v*.  Vj2,  and  v^®  are  in  units  of  (drlft)a/Hs. 


where  p«ux,  q  «<Jy,  r  mu,,  and  9,  \p  are  the 
Euler  angles  relating  body  attitude  to  the  orbital 
coordinate  frame.  The  Initial  condition  to  Eq. 
(39)  la  |  (tk-lJ  tit- 1)  *  I  (unity  matrix).  A 
rectangular  integration  algorithm  for  solution  of 
Eq.  (38)  is  adequate,  aince  precision  la  not 
critical.  The  element!  ain^,  sin®,  cost//,  etc. 
in  F(t)  can  be  derived  from  the  attitude  matrix 
Tgi(t)  [aee  Eq.  <31>]  by  simple  arithmetic  oper¬ 
ations  without  Inverse  trigonometric  functions. 

At  the  tim  of  a  valid  transit,  Eqs.  (37), 

(38),  and  (34)  ara  golved  In  that  order.  The 
weighting  vector,  ft,  ia  used  to  apply  a  atate 
correction  according  to  Eq,.  (30).  The  additional 
equation 


P  •  P-KHP  (30) 

muat  also  ba  aolvad  to  update  th*  covariance 
matrix  for  error  improvement  reeulting  from  th# 
atate  correction.  Tne  result  of  thla  calculation 
ia  stored  for  propagation  ahead  by  Eq.  (37 )  at 
the  time  of  the  next  tranalt. 


Determination  of  the  "Nolae  Matrix."  Ptti  - 
Tha  matrix  U(tk)  in  Eq.  (37)  must  be  aomawhat 
empirical  inasmuch  as  it  accounts  for  both  known 
(statistically)  and  unknown  plant  noise.  However, 
if  the  assumption  la  made  that  the  unknown  plant 
nolle  la  small  compared  to  the  known,  then  an 
approximate  form  for  U(tk>  can  be  derived.  In 
thie  case,  random  gyro  drift  ia  the  dominant 
known  plant  noiae.  Assuming  this  to  be  a  white 
nolae  proceaa  (evidence  of  this  from  test  data  la 
givan  in  a  later  paragraph)  the  form  of  U  la  de¬ 
rived  in  Appendix  C  to  be: 
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(31) 


2  2  2 

where  vj  ,  Vo  ,  v«  are  the  components  of  low 
frequency  gyro  dritt  power  spectral  density4, 
and  At-y  i*  the  time  since  the  laet  transit.  This 
form  is  approximate  in  that  the  assumptions  of 
constant  pitch  rate  and  tero  roll  and  yaw  rate* 
are  necessary  to  obtain  a  solution.  Tne  exact 
representation  of  the  effect  of  white  noise  gyro 
drift  could  be  handled  by  solving  the  linear  sym 
metric  matrix  differential  equation 


^[P(t)3  •  F(t)  P(t)  +  P(t)FT(t)+  Q(t>  (32) 

in  place  of  Eqs.  (37)  and  (38),  where  Q(t)  is  the 
expected  covariance  of  the  noise  *v(t)  in  the 
standard  equation 


[x(t)}  ■  F(t)  x(t)  +  v(t) 


(33) 


4 


That  is, 


SIMULATION  AND  MODELING 


E  Cv(t)  vT(t)]  ■  Q(t)  fl(t-t)  (34) 

for  white  noise,  where  6  Is  the  Dirac  delta 
function. 

This  approach  is  not  taken  in  SPARS,  pri¬ 
marily  because  the  solution  of  Eq.  (32)  is  slightly 
more  complex  than  solving  Eqa.  (27)  and  (28), 
and  the  performance  obtained  with  the  latter  is 
satisfactory. 

Equation  (31)  must  be  augmented  in  practical 
application  to  account  for  the  unknown  plant  noise 
(e.g. ,  computational  errors).  Experience  in  the 
SPARS  application  has  shown  that  use  of  the 
other  three  diagonal  terms  is  sufficient.  These 
are  determined  by  empirical  means.  Constant 
and  time  dependent  terms  have  been  tried  with 
approximately  equivalent  results. 


The  complexity  and  non-linearities  of  the 
SPARS  problem  necessitated  the  use  of  digital 
simulation  techniques  for  performame  studies. 
Interrelationship  of  error  sources  required  the 
use  of  a  single,  comprehensive  digital  simula¬ 
tion.  As  shown  in  Fig.  5,  the  simulation  con¬ 
sists  of  two  main  parts;  a  truth  model,  which 
simulates  vehicle  and  sensor  dynamics,  and  the 
SPARS  algorithms.  The  latter  are  essentially 
those  equations  and  logic  discussed  in  the  pre¬ 
vious  sections  and  need  no  further  explanation. 

The  remainder  of  this  section  describes  the 
truth  model,  i.e.  the  left-hand  side  of  Fig.  5, 
and  the  error  processing  techniques. 

The  major  elements  of  the  truth  model  are  the 
star  transit  calculations,  the  attitude  and 
limit  cycle  solutions,  and  the  sensor  error 
modelc. 


,  SPARS 
ALGORITHMS 


STAR _ 

SE'SfCT-! 

GEOMETRY 


LIT  IDENTIFICATION 


STAR 

- SENSOR 

CE  OUC  T  RV 


STAR, SLIT  IOENTIPICATION 
ANO  PREDICTION  OF 
TRANSIT  TIMES 


ATTITUDE 

INTERPOLATION  ATTITUDE  AT 
tSltWNSIT  "  SANSIT  TIME 


STAR  IDENT¬ 
IFICATION  AND 
DOT  PRODUCT 
CALCULATION 


GYRO 

ORIFT 

VARIANCE 


VEHICLE  TRU 
LIMIT 

CYCLE  "AT 


STAR  T 

TRANSIT 

VARIANCE 


,  B7W  BIAS 
I  CORRECTION 


RECURSIVE 
FILTERING 
AND  STATE 
CORRECTION 


ATTITUDE 

CORRECTION 


TRUE 

_ 

PULSE 

GENERA. 

1 

MEASURED- 

_ i _ 

COMPENSATION 

- i _ 

BODY 

SOLUTION  K 

yUCMUBEB  MTPf 

TOR  ANO 
SUMMER 

PULSE 

SUMS 

AND  RA  TE 
DERIVRTION 

ESTIMATEO 

rates 

SOLUTION 

BODY 

ATTITUDE 


PULSE  I 
WEIGHT  I 


STINATED  ATTIT 


Uttitudc  ehaqr 

statistics 

ItRiOR  OPERATIONS 


Fig,  5.  Three -Degree -of  -Freedom  SPARS  Simulation 
Block  Diagram 
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Sta  •  Transit  Calculations 

A  star  transit  prediction  table  is  main¬ 
tained  in  the  truth  model  for  generation  of  true 
transit  times.  Each  time  one  of  the  imaginary 
leading  edges  (which  are  a  fixed  angular  distance 
ahead  of  the  star  sensors  as  shown  in  Fig.  6) 
passes  a  star,  a  linear  prediction  of  transit 
time  is  computed,  using  true  rates  and  attitudes, 
and  entered  into  the  table.  When  the  predicted 
transit  time  is  within  150  seconds  of  computed 
current  time,  the  transit  is  re -predicted  and 
the  table  is  updated.  This  is  repeated  15 
seconds  before  estimated  transit  and  for  every 
At  thereafter  until  the  transit  occurs  or  until 
the  sensor  passes  by  the  star.  Attitude  is  inter¬ 
polated  within  the  last  At  using  a  Newton-Raph- 
son  Iteration  on  the  dot  product  to  define  pre¬ 
cisely  the  true  transit  time,  The  logic  employing 
the  150  and  15  second  ranges  was  developed  to 
give  accurate  iteration  near  transit  time  yet 
minimize  the  number  of  time  consuming  iteration 
between  transits. 

UADMC 


Fig,  0.  3  DOF  Simulation  Star  Field 
Geometry 


The  above  calculations  are  done  for  each  star 
within  transit  range  for  each  slit.  At  time  of 
transit,  the  silt  Identification  is  tagged  for  use 
in  algorithm  calculations,  and  the  star  identifi¬ 
cation  is  tagged  for  informational  print  out  only. 

Whenever  the  rates  change  due  to  limit  cycle 
control,  the  predictions  are  no  longer  accurate 
and  the  entire  table  of  transit  times  are  repre¬ 
dicted.  Note  that  the  above  logic  applies  only  to 
the  truth  model;  the  SPARS  algorithms  do  not 
predict  transits  before  they  occur,  but  respond 
only  after  a  transit  signal  Is  received  from  one 
of  the  star  sensors. 

Attitude  and  Limit  Cycle  Solution 

The  truth  model  Implements  a  highly  accu¬ 
rate  attitude  solution  by  using  a  fourth  order 
Runge  Kutta  Integration  of  true  rate.  This  true 


attitude  is  used  for  star  transit  generation,  atti¬ 
tude  error  calculation,  and  true  rate  generation. 

A  modified  vehicle  limit  cycle  model  changes 
rate  as  though  a  reaction  control  jet  fired  when¬ 
ever  an  attitude  deadband  limit  is  exceeded. 

Unlike  a  true  vehicle  attitude  controller,  the 
simulated  jet  firings  continue  until  the  limit 
cycle  rate  magnitude  exceeds  some  minimum. 
Thus,  a  worst  case  vehicle  rate  is  simulated. 

Sensor  Error  Models 

The  star  sensor  error  model  consists  of 
fixed  errors  in  the  knowledge  of  star  sensor 
geometry  and  detector  silt  orientations,  simu¬ 
lating  calibration  uncertainties,  and  random 
errors  to  simulate  variations  in  threshold  tran¬ 
sit  time  detection,  non-planar  slits,  and  noise 
in  the  star  sensor  processing  electronics.  This 
additive  random  noise  has  a  normal  distribution 
with  a  variance  equal  to  that  expected  of  the  star 
senaora. 

The  gyro  drift  model  simulates  three 
components.  They  are:  Constant  blae  drift, 
sinusoidal  drift,  and  random  drift. 

In  order  to  define  an  appropriate  model, 
theBe  components  were  measured  using  available 
computer  sampling  and  data  reduction  schemes 
on  test  gyros.  Less  emphasis  was  placed  on  the 
first  two  components  since  SPARS  corrects  for 
the  bias  as  part  of  the  algorithm,  and  sinusoidal 
drifts  typically  occur  only  during  gyro  warmup 
or  temperature  transients.  The  latter  are  small 
In  SPARS  duo  to  the  active  gyro  temperature  con¬ 
trol.  Considerable  emphasis  was  given  to  the 
modoling  of  gyro  random  drift,  however,  because 
of  its  importance  in  performance  evaluation.  It 
is  shown  in  Ref.  4  that  the  random  drift  of  the 
SPAES  gyros  can  verv  closely  be  represented  by 
white  noise  over  the  frequency  spectrum  of  in¬ 
terest,  Thus,  a  model  for  white  noise  gyro  drift 
was  developed.  The  following  are  considerations 
of  this  development. 


For  times  much  longer  than  the  random 
gyro  drift  correlation  time  (1.  e.,  longer  than 
the  longest  gyro  drift  autocorrelation  function 
time  constant,  which  1b  usually  quite  short),  It 
is  shown  in  Ref.  8  that: 

E  [A  B2  (t)  ]  •  2hGxx  (0)  t  (35) 

where  A8(.)  is  the  attitude  error  due  to  gyro 
drift,  Gxx(0)  denotes  power  spectral  density  al 
zero  frequency,  t  Is  time  and  E  denotes  expec¬ 
tation.  This  shows  that  the  long  period  variance 
of  the  Integral  of  exponentially  correlated  gyro 
drift  Is  proportional  to  the  product  of  the  power 
spectral  density  at  zero  frequency  and  time.  It 
Is  not  possible  to  simulate  this  phenomena 
directly  with  white  noise  on  a  digital  computer, 
due  to  the  fact  that  a  finite  integration  step  size 
must  be  used.  The  method  of  Introducing  ran¬ 
dom  rate  error  Aw<  in  the  SPARS  simulation  can 
be  represented  by  tne  block  diagram  of  Fig.  7. 
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Fi f/.  7.  Random  uyro  Drift 
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which  leads  to  the  variance  equation 

EtA^U)]  •  nAtaE(Aw2)  (30) 

Equations  (30)  and  (30)  lead  to  the  following  rela¬ 
tion  which  must  be  satisfied  by  the  digital  sim¬ 
ulation 


],,a  .(^y1 


However,  a  gyro  specification  is  not  always 
written  In  terms  or  the  aero -frequency  power 
spectral  density,  but  more  oftan  In  terms  of  its 
Integral  to  soma  frequency,  wc> 

u 

Jp SD  -  J  C  Qxx(o)  du  *  3  u0  Gxx(0)  (40) 


-i^r 


where  fc  -  u./2n.  As  an  example,  consider  a 
one  second  truth  model  integration  step  else  and 
|fo|  ■  0,  0  He.  Those  values  yield  the  required 
standard  deviation  for  the  rate  power  spectral 
density! 

[E(Aw2)]  1/3  -  (j  PSD)l/2.  (43) 

Notice  that  if  the  integration  step  sise  were 
changed  to  0. 1  tiecond,  the  rate  power  spectral 
density  would  have  to  be  changed  to 

CE(Au3)]1/2  -  VTo  (,fPSD)1/a  (44) 


(43)  defines  the  required  standard  deviation  input 
scaling  of  the  gausslan  random  number  generator 
used  in  the  SPARS  simulation  for  modeling  gyro 
drift. 

The  simulated  gyro  d.'lft  Is  added  to  true 
rate  to  give  measured  rats.  This  Is  then 
quantised  into  an  integral  number  of  weighted 
pulses  tor  Input  to  the  system  and  the  remainder 
after  quantisation  is  added  to  measured  rate  in 
the  next  sampling  Interval, 

Error  Processing  Technique 

Attitude  error  is  computed  during  the  simu¬ 
lation  run  and  stored  on  magnetic  tape  with 
many  other  system  variables  for  display  and 
Input  to  the  many  analyst*  routines  available. 

A  running  RMS  of  the  ati>  ude  errors  Is  also 
generated  In  the  slmulat  >n  to  Indicate  one 
sigma  (over  time)  performande. 

This  simulation  was  programmed  using  the 
Honeywell -developed  COMRADE  (COMputer- 
Aldsd-DEsign)  system  which  operatee  on  a 
hybrid  computer.  This  is  an  extensive  on-line 
executive  system  that  provides  the  user  with  a 
man-machine  communication  link,  enabling  the 
engineer  to  control  the  computer  through  a 
repertoire  of  simple  commands.  These  com¬ 
mands  permit  the  user  to  control  all  of  the 
input-output  devices,  run  programs,  adjust 
input  data,  and  greph  data  on  a  display  scope. 
Emphasis  is  placed  on  man -in -the -loop  decision 
making  at  a  modest  sacrifice  In  computer  utili¬ 
sation  efficiency.  The  SPARS  simulation  has 
been  tncoimorated  within  the  framework  of  the 
COMRADE  system  to  allow  simple  and  rapid 
changes  to  system  parameters,  immediate  dis¬ 
play  of  results,  pnd  evaluation  of  results  using 
them  as  inputs  to  many  other  statistical  and 
spectral  analysis  programs,  A  list  of  input 
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parameters  that  can  be  varied  in  the  simulation 
to  investigate  system  performance  is  given  in 
Table  1. 

More  than  45  standard  analysis  routines  are 
available  in  the  COMRADE  program  library. 
Several  of  these  which  have  been  particularly 
useful  to  the  analysis  of  SPARS  system  errors 
and  gyro  drift  data  are  described  in  Table  2, 


Table  1,  List  of  Simulation 
Input  Parameters 
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Table  2.  Uaeful  COMRADE 
Library  Programs 
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and  epactral  d*n#lty  «atiira(«s  convolved  with  the 
Hamming  sptriral  window  on  a  a*t  of  data  ■ample*, 

mi'KtKH 

Computes  the  Fourier  line  ■poclrum  on  ■  as l  of  (lets 
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Transform. 
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■el  of  data  samples  . 
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lirnsnk*  a  art  of  data  aamplra  by  periodically 
sampling  from  on*  to  flvr  analog  algnal*  it  a 
■psmfiad  rata. 

ANALYSIS  AND  SIMULATION  RESULTS 

During  the  past  two  and  a  half  year#  on  the 
SPARS  program,  a  large  amount  or  analytical 
and  computer  simulation  reaulta  have  been  com¬ 
piled,  in  addition  to  the  actual  component  and 
eyetern  testing  efforts.  Thia  aectlon  will 
deacrlbe  a  few  of  the  more  Interesting  and  unique 
analysis  and  simulation  reaulta. 

Single -axis  Analytical  Reeulta 

A  single -axis  analytical  approach  has  been 
used  on  SPARS  to  gain  initial  Insight  into  the 


general  error  propagation  characteristics  of 
the  strapdown  mechanization,  and  to  evaluate  the 
effecte  of  gross  system  parameter  changes  prior 
to  detailed  computer  simulation.  In  essence, 
the  steady  state  or  quasi-steady  state  Riccati 
equation  and  related  steady  state  etochaatlc 
equations  can  be  manipulated  to  yield  RMS  dyna¬ 
mic  attitude  error  values  for  updated  attitude 
reference  systems.  These  equations  can  also  be 
manipulated  to  yield  the  required  values  of  star 
sensor  accuracy  or  star  transit  Interval  for  a 
given  level  of  system  accuracy,  This  analysis 
is  performed  on  a  single -axis  basis.  Certain 
plausible  multipliers  can  be  Introduced  to  obtain 
three -axis  performance  estimates. 

The  steady-state  performance  of  a  svatem 
with  gyros  can  be  bounded  quite  easily  from 
above  and  below.  The  lower  bound  Is  obtained 
by  assuming  constant  star  transit  intervals  and 
an  optimal  linear  flttertng  mechanization.  The 
upper  bound  is  obtained  with  a  realistic  star 
transit  frequency  distribution  (sero-order  Pois¬ 
son)  end  a  particulai  nonoptimal  filtering  solu¬ 
tion;  namely,  an  attitude  gain  of  one.  Let  P  be 
the  attitude  error  variance.  Then  between  star 
transits,  the  equation  describing  the  buildup  of 
the  variance  Is 

Pn-  •  P„-i++C^AV  <4B) 

where  Q  is  the  sero -frequency  power  spectral 
density  of  the  gyro  drift  and  AtAV  be  the  time 
between  transit* .  At  a  transit,  the  optimal 
attitude  gain  is 

p 

Kn  ■  Pn.HT[HPn.HT+R]'1  ■■pa:'VR  (46) 


where  H>1  for  this  single -axis  system  and  R 
is  the  etar  seneor  error  variance.  The  attitude 
variance  update  ia  then  described  by 

Pn+  *  (1  -KnH)Pn- 


(47' 


Now,  the  crucial  step  is  in  recognizing  that  for 
steady -state  operation  and  constant  star  transit 
intervals, 


n-l+ 


n+ 


(48) 


Thus,  substituting  Eq.  (47)  into  Eq.  (46)  using 

(48), 


P 


p.  R 

P.  +  R 


+  ^AV 


(49) 
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where  the  N  have  been  dropped  becauee  they  are 
now  redundant.  Eq.  (49)  is  a  quadratic  equation 
in  P-  i 


1  AV, 


INT. 


»  R  + 


(85) 


P-2  -  P-QAtAV-  RQAtAy  -  0  (50) 

Eq.  (50)  clearly  haa  only  one  positive  solution. 
The  attitude  error  variance  picture  shown  in 
Fig.  8  can  now  be  drawn. 


Fig.  8.  Attitude  Error  Variance  Be¬ 
havior  (Lower  Bound) 


The  mean-square  single-axis  attitude  jrror 
PAV  is  given  by 
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(51) 
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This  is  the  single-axis  attitude  error  lower 
bound.  It  Is  optimistic  because  of  the  iqualstar 
transit  interval  assumption. 


The  upper  bound  is  obtained  by  a  quite  dif¬ 
ferent  approachj  by  using  the  attitude  gain  ■  one 
mechanisation,  and  assuming  that  the  star 
transit  interval  spacing  is  Poisson  distributed. 
(This  la  e  pretty  good  assumption.  Also  note 
that  the  star  transit  interval  correlation  playa 
no  role  in  this  discussion).  In  this  case,  the 
attitude  variance  propagates  after  a  transit  like 

P  ■  R  +  Qt  (52) 


Since  the  star  transit  intervals  are  zero- 
order  Poisson  distributed,  the  star  transit  in¬ 
terval  probability  density  function  is 


P(At) 


At 

AtAV 


(63) 


Therefore,  integrating  over  all  possible  interval 
lengths 
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.  — 0. 
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(56) 


H  •  q  a.av 


(Notice  that  if  the  transit  interval  spacing  was 
uniform  Instead  of  Poisson,  the  average  attitude 
variance  would  be  R  +  Q  AtAy/2.  This  is  an 
important  point,  as  it  shows  the  effect  of  inter¬ 
val  distribution. )  This  is  the  single-axis  attitude 
error  upper  bound.  It  is  a  conservative  eotimate 
because  of  the  nonoptimal  filtering  assumption. 
Therefore! 
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«<PAV> 


1/2  €(R  +  Q  AtAV)1/2 

TRUE  AV 


(57) 


Equations  (51)  and  (56)  are  the  equations  of 
interest,  as  parametric  curves  can  now  be  drawn 
for  such  things  ar  star  transit  interval.  One 
word  of  caution.  For  wide  fields  of  view,  more 
slits  will  tend  to  smooth  out  tho  interval  irreg¬ 
ularities  and  the  attitude  accuracy  will  approach 
the  lower  bound.  However  for  small  fields  of 
view,  this  will  not  be  true,  since  the  Interval 
distribution  will  remain  Poisson  no  matter  how 
many  slits  are  added.  (Of  course,  AtAV  will  go 
down  though). 


The  above  approach  to  parametric  analysis 
is  valid  only  for  a  single-axis  system.  However, 
to  get  a  good  idea  of  three  axis  performance, 
multiply  the  answers  by  3,  l.  e,,v3  x  .  One 
of  th«  \J3  factors  comes  from  the  fact  that  each 
of  the  single-axis  errors  will  be  about  the  same 
ordej^of  magnitude.  Thus  the  vector  sum  would 
be  JT  tlmai  any  single  component.  The  other 
factor  of  \f 3  comes  from  the  fact  that  the  aver¬ 
age  sensitivity  (H)  of  i  ttitude  error  in  one  axis 
to  a  .given  transit  is  not  one,  but  a  number  like 

1/VT 


where  AtAV  is  the  same  number  ss  in  the  con¬ 
stant  transit  Interval  discussion.  Now,  the 
probability  density  function  for  being  In  the 
transit  Interval  whose  length  is  between  t  and 
t+At  at  any  particular  time  is  then  given  by  the 
first-order  Poisson  distribution 

At 

P(  At)  .  - ,  AtAV  (54) 

(AtAV) 

During  any  particular  transit  Interval,  the  aver¬ 
age  attitude  variant  e  is 


This  approach  to  determining  attitude  refer¬ 
ence  performance  and  the  parametric  impact  of 
transit  interval  and  star  sensor  accuracy,  yields 
a  rapid  inexpensive  "ball-park"  estimate  which 
defines  the  limits  of  system  performance.  In 
problems  where  it  is  required  to  define  a  level 
of  performance  in  a  ohert  time,  such  as  in  pro¬ 
posal  exercises,  it  allows  the  investigator  to  re¬ 
main  in  close  contact  with  the  essence  of  the 
problem,  rather  than  becoming  embroiled  in  com¬ 
pletely  unrelated  problems  involved  with  getting 
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a  complex  simulation  modified  and  operational  in 

a  short  time,  and  minimizes  the  possibility  of 
error,  since  the  answers  are  easily  checked, 

The  method  provided  a  guide  in  SPARS  for 
selection  of  input  parameters  for  the  simu’atlon 
which  was  more  complex  and  expensive  to  run, 

Star-Transit  Interval  Study 

A  comprehensive  computer  study  of  the  star- 
transit  interval  characteristics  of  candidate  SPARS 
strapdown  star  sensors  has  been  conducted  to  iden¬ 
tify  parametric  relationships  and  the  extreme 
frequency  variations  possible.  To  establish 
limits  on  potential  system  errors  between  star 
sightings  in  the  SPARS,  which  utilizes  body-fixed 
star  sensors  on  a  rotating  vehicle  with  (drifting) 
gyros  for  interpolation  between  sightings,  it  is 
important  to  know  how  the  interval  between  star 
sightings  may  vary.  To  optimize  sensor  and 
system  design,  interval  variation  as  a  function 
of  star  magnitude,  sensor  FOV,  sensor  orien¬ 
tation,  and  orbit  orientations  must  be  known,  A 
computer  analysis  on  transit  intervals  was  there¬ 
fore  conducted  early  in  the  Phase  0  study  (Ref,  3), 

The  analysis  was  made  for  a  satellite  in  a 
near-polar  orbit,  with  a  pitch  motion  of  240  deg / 
hr.  Star  data  were  obtained  from  the  Smithson¬ 
ian  star  catalog  (Ref.  9),  To  gain  insight  into  the 
effect  of  orbit  orientation,  six  equally  spaced  line- 
of-node  arguments  were  used.  For  each  of  these, 
runs  were  made  for  four  limiting  star  magnitudes, 
Since  the  initial  objective  was  to  bound  the  problem 
and  determine  trends,  a  typical  star  sensor  con¬ 
figuration  was  used,  namely  two  sensors  with 
single  slits,  both  pointed  30  degrees  off  vertical 
to  the  same  side  of  the  orbit  plane  and  at  an  angle 
of  00  degrees  to  each  other  in  that  plane,  Runs 
(swaths)  were  made  with  the  sensors  pointing  in 
turn  to  both  sides  of  the  orbit  plane.  Sensor  FOV 
was  varied  from  2  to  10  degrees. 

The  analysis  consisted  of  averaging  the  time 
Interval  between  star- slit  transits  over  one  orbit 
for  one  set  of  parameters.  The  summary  results 
of  this  analysis  are  given  in  Fig.  8.  In  Fig,  9 
the  lower  and  upper  bounding  lines  represent  the 
best  and  worst  star  swaths  found,  respectively. 
(The  woret  swath  is  not  necessarily  the  same  one 
for  different  FOV's  or  limiting  magnitudes).  The 
lino  in  the  center  of  each  spread  represents  the 
mean  time  between  transits  for  all  swaths  at  that 
magnitude.  The  spread  Indicates  ths  range  of 
values  resulting  from  ths  six  different  line-of- 
node  orientations.  If  a  larger  number  of  swaths 
had  been  used,  the  mean  points  would  fall  more 
exactly  on  a  straight,  45-deg  line  for  small 
FOV's,  That  is,  for  a  sufficiently  large  statis¬ 
tical  sample,  as  the  FOV  is  doubled,  tne  average 
time  between  etar  transits  is  halved.  These  re¬ 
sults  show  that  for  the  baseline  optical  system 
the  average  time  between  star  transits  for  all 
orbits  it  210  sec,  For  the  extreme  orblte,  this 
varies  between  160  and  340  seconds. 


Dynamic  Attitude  Error  Results 


The  SPARS  simulations  have  identified  that 
the  SPARS  dynamic  error  requirement  ie  easily 
satisfied  with  the  proven  performance  ofGQ334A 
gyros  and  state-of-the-art  etar  sensors.  Single- 
degree-of-freedom  simulation  results  and  the 
more  comprehensive  three-dogree-of-freedom 
simulation  have  shown  that  there  are  two  pri¬ 
mary  contributors  to  the  dynamic  SPARS  atti¬ 
tude  errorj  gyro  random  drift  variance,  and 
star  sensor  error  variance,  It  is  possible  • 
with  modest  system  complexity  -  to  minimize 
the  effect  of  all  other  dynamic  error  sources, 
such  as  star  transit  interval  (as  shown  in  Fig.  11), 
computational  roundoff  and  integration  algorithm 
truncation,  gyro  pulse  weight,  fixed  drift,  and 
gyro  misalignment.  Static  errors  caused  by  such 
things  as  optical  misalignments,  shifts,  and  im¬ 
perfect  calibration  were  analyzed  separately. 
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Fig,  9.  Star  Transit  Intervals  versus  FOV 


The  effects  of  the  two  primary  error  sources 
on  system  performance  are  shown  in  Figs,  10 
through  12,  The  normalized  three-axis,  la 
attitude  rjference  system  dyanmic  error  is 
shown  as  a  function  of  the  empirical  noise  param¬ 
eter  U,  which  is  discussed  in  the  SPARS  data 
processing  section  of  this  document.  U  is  re¬ 
lated  to  the  forward  loop  gain  of  the  recursive 
filtering  calculations  during  steady- state  opera¬ 
tion.  The  figures  show  that  the  optimum  system 
accuracy  is  a  very  shallow  function  of  U  until  a 
relatively  large  value  is  reached.  Th.s  is  in 
contrast  to  the  results  that  were  obtained  early 
in  the  study  when  a  random-walk  gvro  drift  model 
was  used.  In  that  case,  optimal  eystem  perfor¬ 
mance  was  quite  sensitive  to  U,  However,  the 
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extensive  gyro  testing  (Ref.  4)  has  shown  conclu¬ 
sively  thnt  the  random-process  gyro  model  being 
used  presently  is  the  correct  representation  in 
the  frequency  range  of  interest. 


The  baseline  system  specified  in  Phase  O 
had  an  ample  margin  of  meeting  the  required  one 
sigma  accuracy.  There  were  three  main  reasonB 
for  having  this  margin. 


The  simulation  reeults  summarized  in  Figs. 
10  to  12  were  used  to  create  design  curves  for 
the  Phase  O  star  sensor  specifications. 


Fig,  10.  Effect  of  Star  Transit  Interval 
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(1)  The  lo  errors  shown  we"e  computed 
over  many  orbits  to  be  truly  repre¬ 
sentative.  The  system  performance 
statistics  are  somewhat  variable 
from  orbit  to  orbit  due  to  fluctuations 
in  the  filtering  equations  and  varia¬ 
tions  in  the  number  of  stars  seen; 
the  baseline  mechanization  provides 
sufficient  margin  to  comply  with  the 
specified  accuracy  even  for  the 
"worst  orbit"  condition. 

(2)  The  primary  intent  of  the  loSPARS 
accuracy  requirement  is  that  the 
system  error  never  exceed  three 
times  this  value.  This  is  true  re¬ 
gardless  of  attitude  error  statistical 
distribution.  In  the  case  of  SPARS, 
the  attitude  error  statistics  are 
"steeper"  than  Gaussian,  and  suf¬ 
ficient  margin  is  provided  to  guar¬ 
antee  3ff  performance. 

(3)  Sufficient  margin  was  also  allowed 
for  static  errors,  shifts,  etc. ,  which 
were  specified  as  design-to  param¬ 
eters. 

The  following  significant  conclusions  have 
been  reached: 

(1)  The  system  performance  is  not 
sensitive  to  any  nonuniform  distri¬ 
bution  of  stars. 

(2)  The  GG334  gyro  proven  performance 
is  more  than  adequate  for  SPARS. 

(3)  The  risk  involved,  If  any,  due  to  the 
development  status  of  the  star  sensor 
is  minimized,  because  the  star  sensor 
error  is  attenuated  Jn  its  effect  on 
system  error. 


Fig,  11.  Effect  of  Star  Sensor  Error 
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Fig.  11.  Effect  of  Qyro  Drift 


Star  Sensor  Geometry  Results 

The  SPARS  three-degree-of-freedom  simu¬ 
lation  reeults  have  shown  that  the  attitude  refer¬ 
ence  syetem  error  time  history  is  relatively  in¬ 
sensitive  to  the  star  sensor  angular  orientations 
and  detector  geometry's  over  a  broad  range  of 
values,  Probably  the  neat  useful  function  of  the 
SPARS  three  degree-of-freedom  (3  DOF)  simula¬ 
tion  at  Honeywell  has  been  the  determination  of 
the  effect  of  various  changes  in  star  sensor  geom¬ 
etry  and  elit  configuration.  It  would  be  extremely 
difficult  to  obtain  reasonable  estimate:)  of  these 
sensitivities  analytically,  since  the  parametric 
relationships  involved  are  highly  nonlinear  and 
often  not  too  intuitive.  However,  operating  in  an 
on-line  mode  with  the  SPARS  3  DOF  simulation, 
observing  the  performance  characterlstice  for 
various  parametric  combinations,  and  making 
corresponding  changes  resulted  in  a  rapid  deter¬ 
mination  of  the  effects  of  sensor  geometry  on 
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svstcm  performance.  The  significant  conclusion 
of  this  studv  has  been  that  star  sensor  geometry, 
othci  than  the  1'OV,  does  not  hum  a  strong  effect 
on  system  performance. 

Telescope  look-angle  studies  indicate  that 
there  is  no  apparent  performance  advantage  to 
having  the  individual  star  telescopes  cut  different 
star  swaths  In  the  celestial  sphere.  With  this 
being  the  case,  having  the  telescopes  oriented 
one  behind  the  other  eliminated  10  star  simula¬ 
tors  In  the  lab  test  and  minimized  the  star  catalog 
size.  The  studies  further  indicated  that  the  out- 
of-orblt  star  swath  angle  and  the  angle  between 
star  telescopes  have  little  effect  on  performance 
for  a  wide  range  of  angles. 

Because  performance  is  not  a  constraint  and 
because  there  is  a  severe  sun  shield  penalty  for 
look  angles  closer  than  30  deg  to  the  sun,  the 
telescopes  are  oriented  60  deg  apart.  This  sep¬ 
aration  ensures  that  at  least  one  of  the  two  sen¬ 
sors  can  sen  stars  at  all  times  without  the  tele¬ 
scopes  having  to  be  oriented  closer  than  60  deg 
to  the  horizon. 

The  salient  results  (normalized)  of  the  star 
sensor  slit  studies  are  shown  on  Pig.  13  for  the 
star  sensor  geometrical  combinations  considered. 
Both  one  and  two  sensor  configurations  were 
studied.  The  first  two-sensor  configuration 
shown  has  a  single  slit  In  each  sensor.  The  slits 
are  canted  at  45  deg  to  the  direction  of  motion  in 
an  attempt  to  gain  attitude  information  about  both 
axeB  parallel  to  the  focal  plane.  The  resulting 
error  ia  seen  to  be  relatively  large,  The  addi¬ 
tion  of  a  second  slit  more  than  doubles  the  number 
of  star  transits  and  yields  increased  pitch  axis 
sensitivity,  cutting  the  attitude  error  in  half. 

Also  shown  sre  the  performance  results  of  a 
number  of  two-sensor  configurations  with  three 
slits  per  sensor.  For  the  first  one  shown,  It  Is 
seen  that  the  slit  angle  has  little  effect  on  system 
performance.  The  reason  for  this  Is  that  In¬ 
creasing  the  angle  increases  the  sensitivity  to 
attitude  errors  about  an  axis  parallel  to  the  di¬ 
rection  of  motion,  but  counteracting  this  Is  the 
fact  that  fewer  stars  are  seen  by  the  canted  slits, 
Several  asymmetrical  three-slit  arrangements 
were  also  investigated,  and  very  little  change  in 
system  performance  was  observed. 

One  additional  significant  result  of  this  study 
la  that  configurations  with  Just  one  star  sensor  did 
not  perform  as  badly  as  might  be  expected.  This 
result  has  strong  implications  on  system  relia¬ 
bility  considerations,  since  the  failure  of  one  of 
two  star  sensot  s  would  not  be  catastrophic  and  a 
modest  performance  degradation  would  be  ex¬ 
perienced.  The  reason  one  might  expect  a  big 
error  when  using  only  one  sensor  la  that  the 
sensitivity  of  one  sensor  to  attitude  errors  about 
its  optical  axis  Is  quite  low,  Fortunately,  this  is 
compensated  for  by  the  fact  that  this  axis  keeps 
changing  continually  with  respect  to  inertial 
space,  so  that  three-axis  Inertial  information  is 
ultimately  obtained. 


Fig.  13.  Effect  of  Star  Sensor 
Detector  Geometry 


Computational  Error  Study 

Results  obtained  with  the  SPARS  three-degree- 
of-freedom  (3  DOF)  simulation  have  demonstrated 
that  the  computational  errors  in  attitude  calcula¬ 
tion  are  small  with  respect  to  other  system  error 
contributors  when  the  1824  computer  is  used,  and 
that  the  design  value  of  gyro  pulse  weight  Is  an 
optimum  value,  There  are  three  primary  com¬ 
putational  contributors  to  the  SPARS  attitude 
error:  Integration  algorithm  truncation,  roundoff 
of  the  numerical  values  of  critical  parameters 
due  to  finite  register  length,  and  the  quantization 
of  attitude  changes  due  to  the  digital  rebalance 
electronics  of  the  gyros,  There  is  a  tradeoff 
between  roundoff  errors  and  truncation  errors 
for  a  given  word  length  and  integration  algorithm. 
Donger  integration  step  sizes  result  in  a  poorer 
approximation  of  the  algorithm  to  the  kinematics 
of  the  attitude  relationships,  whereas  shorter  step 
sizes  result  in  more  computer  adds  and  multiplies 
per  unit  time,  resulting  in  more  rapid  loss  of  ac- 
curac”  in  the  least  significant  bits  of  the  attitude 
variables. 
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The  SPARS  3  DOF  simulation  was  uaed  to 
evaluate  integration  algorithms  and  computation 
step  sizes.  The  first  method  investigated  was  a 
first-order  (rectangular)  method  with  a  step  site 
of  2.  0  sec.  The  resulting  computational  drift 
rate  was  approximately  0,  1  deg/hr,  In  an  effort 
to  reduce  this  drift  to  an  acceptable  value,  a 
second-order  Runge-Kutta/improved  Euler  al¬ 
gorithm  was  added,  resulting  in  a  reduction  of 
the  computational  drift  rate  by  three  orders  of 
magnitude.  Operating  within  the  framework  of 
a  typical  system  mechanization,  it  is  important 
to  know  what  effect  this  has  on  the  attitude  error 
statistics.  Fig.  14a  shows  the  effect  of  second 
order  integration  step  size  on  SPARS  perform¬ 
ance.  The  best  performance  occurs  in  the  1-sec 
range,  with  the  error  increasing  somewhat  spor¬ 
adically  for  longer  time,  and  aleo  increasing  in 
the  0.  1-sec  region  as  roundoff  error  starts  tc 
come  into  play.  However,  this  study  was  done 
at  30 -bi*  accuracy,  and  the  optimum  point  will 
shift  to  the  left  for  the  baseline  48-bit  integra¬ 
tion  in  the  UNIVAC  1824. 

The  effect  of  gyro  pulse  weight  is  shown  in 
Fig.  14c.  The  dotted  line  ia  the  result  that  is 
obtained  when  the  standard  deviation  of  the 
quantization  uncertainty  for  each  gyro  (1/  VT 
times  the  pulse  weight)  is  root  -sum- squared 
with  th~  attitude  error  at  a  pulse  weight  of  zero. 
The  actual  data  are  seen  to  roughly  follow  this 
expected  trend,  with  some  superimposed  "beat 
frequency"  effects  resulting  from  the  interplay 
between  pulse  weight  size  and  forced  limit  cycle 
amplitudes  that  were  used  in  the  simulation  to 
maintain  worst-case  rates  and  maximum  jet 
firing  i.  The  baaeUne  choice  of  pulse  weight  is 
substantiated  by  the  data. 

ACQUISITION  STUDIES 

Prior  to  steady-state  operation,  an  acquisi¬ 
tion  phase  Is  necessary  to  lemove  large  attitude 
uncertainties  and  residual  gyro  biases.  A  crude 
initial  vehicle  attitude  relative  to  inertial  space 
may  be  obtained  from  the  orbital  ephemeris  data 
and  assumed  vehicle  earth -oriented  control.  The 
uncertainties  in  this  computation  are  directly 
proportional  to  the  vehicle  control  system  limit 
cycle  amplitude.  These  could  be  reduced  if  the 
error  signals  from  the  separate  vehicle  control 
system  were  used  in  the  initial  calculation.  Al¬ 
though  not  necessary,  this  would  reduce  acouisl- 
tlon  time. 

The  body  attitude  solution  begins  from  the 
initial  condition  using  gyro  data  and  preflight 
drift  compensation  coefficients.  Initial  residual 
gyro  drift  uncertainty  may  be  a  relatively  large 
constant  bias.  This  is  gradually  reduced  to  the 
level  of  the  random  drift  by  the  rate  portion  of 
the  etate  corrections  as  they  are  made  at  accepted 
star  transits. 

Due  to  the  large  initial  attitude  uncertainty, 
special  logic  is  required  during  acquisition.  At 
a  star  transit,  there  may  be  more  than  one  cata¬ 
logued  star  within  the  attitude  uncertainty  of  any 
given  detector  slit  and  more  than  one  slit  within 
the  attitude  uncertainty  of  the  transiting  star.  It 
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Fig.  14,  Computational  Effects 


is  clear  from  Fig.  15  that  if  only  a  single  detec¬ 
table  Btar  were  within  the  field  of  view,  there 
would  still  be  an  ambiguity  as  to  which  detector 
was  Involved  in  a  transit.  Thus,  acquistion  re¬ 
quires  a  scheme  to  identify  both  star  and  detector 
at  each  transit  before  a  state  correction  can  be 
computed.  This  is  not  necessary  in  steady-state 
since  the  attitude  uncertainties  are  extremely 
small  and  a  small  measurement  tolerance  will 
sort  out  the  proper  slit  as  well  as  star.  ThuB, 
it  is  from  acquisition  that  the  requirement  for  a 
slit  identification  signal  sent  from  the  star  sen¬ 
sors  to  the  computer  originates, 

As  mentioned  above,  there  may  be  several 
stars  at  a  transit  time  that  are  within  the  attitude 
uncertainty  of  the  identified  detector  plane.  The 
catalogued  star  which  gives  the  smallest  dot  prod¬ 
uct  (DOT  from  Eq.  18)  is  not  necessarily  the  star 
caueing  the  transit.  Applying  a  state  correction 
from  a  false  star  can  cause  rapid  divergence  of 
the  attitude  error,  since  this  constitutes  a 
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Fig,  15.  Acquisition  Uncertainty  - 
Detector  Not  Known 


non-linearity  in  violation  of  the  basic  algorithm 
assumptions.  To  avoid  this,  the  values  of  DOT 
for  all  candidate  stars  are  tested  against  s  tol¬ 
erance  which  represents  the  maximum  expected 
value  of  DOT.  If  more  than  one  star  gives  a 
magnitude  of  DOT  within  the  tolerance,  it  can  be 
inferred  that  the  stars  are  spaced  too  closely  for 
identification  and  the  transit  must  be  neglected, 
Similarly,  if  none  of  the  DOT  magnitudes  are 
within  the  tolerance,  the  transit  must  be  disre¬ 
garded.  The  latter  case  may  be  due  to  transiting 
an  uncatalogued  star,  an  illuminated  dust  or  pro¬ 
pellant  particle,  or  noise  in  the  detector  electron¬ 
ics;  in  all  of  these  situations  no  state  correction 
should  be  made. 


The  tolerance  used  in  the  candidate  selection 
needs  to  be  large  at  the  start  of  acquisition  be¬ 
cause  of  the  large  attitude  uncertainty.  As  the 
uncertainty  is  reduced,  the  tolerance  should  also 
be  reduced  to  minimize  the  number  of  rejected 
transits  due  to  ambiguities,  thus  increasing  the 
percentage  of  accepted  transits. 


is 


The  most  appropriate  time-variant  tolerance 


T 


M 


HPH  ‘ 


(58) 


where  the  bracketed  quantity  is  the  variance  of 
DOT,  and  is  computed  in  Eq.  24.  The  factor,  M 
is  a  constant  multiplier.  The  quantity  HPHT  is 
that  portion  of  the  variance  in  DOT  due  to  attitude 
uncertainties,  and  R  is  tnat  portion  due  to  mea¬ 
surement  uncertainties  within  the  sensor  itself. 
The  multiplier,  M,  boosts  up  the  tolerance  to 
cover  the  full  range  of  possible  measurement 
values  since  fHPHT  +  R]lf«  is  a  one-sigma  un¬ 
certainty  and  thus  is  often  smaller  than  the 
actual  error. 


Initially  the  values  in  the  P  matrix  are  large 
to  represent  initial  condition  uncertainties.  These 
values  diminish  at  each  state  correction,  consis¬ 
tent  with  expected  system  error.  When  steady- 
state  performance  is  reached  the  covariance  ma¬ 
trix  terms  are  amall  and  T  approaches  the  level 
of  Rl/*,  resulting  In  acceptance  of  nearly  every 
valid  transit.  T  will  not  tend  to  zero  because  of 
the  constant  variance  R  and  the  plant  nolae  term 
added  to  prevent  the  terma  in  P  from  diminishing 
to  zero. 

An  illustrative  example  of  the  dot  product  and 
tolerance  convergence  is  shown  in  Fig.  16.  The 
dot  product  and  tolerance  generally  decrease  at 
each  atate  correction  hut  the  tolerance  la  always 
greater  than  the  correct  dot  product  at  each  valid 
transit. 


Fig,  3  8,  Example  of  DOT  Product  and 
Tolerance  Convergence 

Despite  the  logic  to  guard  against  false  trans¬ 
its,  a  small  probability  Btlll  exists  that  a  transit 
car.  be  incorrectly  identified.  This  results  when 
a  transit  from  an  uncatalogued  star,  duet  particle, 
etc,  occurs  and  a  DOT  from  one  and  only  one 
catalogued  star  is  less  than  the  tolerance  at  that 
time.  The  result  is  an  incorrect  state  correction, 
which  usually  causes  increased  system  error;  yet 
the  covariance  matrix  and  hence  the  tolerance  for 
accepting  future  transits  decreases  as  if  the  cor¬ 
rection  were  made  on  the  correct  star.  Further 
transits  may  be  rejected  or  faleely  identified 
due  to  the  correct  star  being  outside  the  reduced 
acceptability  tolerance.  In  most  cbsbb  this 
causes  the  system  error  to  Increase  rapidly  aa 
shown  In  Fig.  17,  due  to  gyro  bias  compensation 
errors.  In  a  few  cases  the  attitude  error  is  ex¬ 
cessive  but  not  diverging,  and  is  characterized 
by  continued  rejection  of  future  star  transits. 

Fig.  18  is  an  example  of  this  tolerance/dot  prod¬ 
uct  relationship.  System  error  could  remain 
outside  the  tolerance  without  diverging  if  a  means 
were  not  provided  for  sensing  and  correcting  the 
situation. 

Two  methods  are  used  to  test  for  excessive 
attitude  error.  The  first  is  a  comparison  of 
system  Euler  angles  to  a  crude  attitude  based  on 
orbital  ephemerts.  If  the  difference  for  any  one 
axis  is  greater  than  that  expected  from  limit  cycle 
and  ephemeris  uncertainties,  the  acquisition 
process  is  restarted.  Should  the  attitude  error 
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Fig,  17,  Example  of  Attitude  Divergence 

After  Acceptance  of  False  Transit 


Fig.  18.  Example  of  Excessive  Attitude 

Error  After  Acceptance  of  False 
Transit 

become  large  enough  to  cause  rejection  of  trans¬ 
its  on  the  basis  ot  tolerance,  but  not  sufficiently 
large  as  to  cause  restart  by  the  above  method,  a 
second  method  is  used.  It  Is  a  teat  on  the  number 
of  successive  transits  for  which  there  are  no 
DOT'S  from  catalogued  stars  within  the  toler¬ 
ances.  A  few  such  tranalta  must  be  permitted  to 
allow  for  uncatalogued  stars  and  false  transit 
signals.  Rejected  transits  baaed  on  more  than 
one  DOT  within  the  tolerance  should  not  be  in¬ 
cluded  In  the  count  to  determine  restart,  since 
this  often  occurs  In  the  early  stages  of  conver¬ 
gence  In  a  fairly  dense  portion  of  the  sky.  How¬ 
ever,  many  zero  candidate  transits  In  succession 
indicate  that  the  error  estimates  are  lower  than 
the  actual  errors  and  the  acquisition  process 
must  be  restarted. 

The  simulation  program  previously  described 
was  used  to  study  convergence  time  sensitivities 
to  Initial  conditions  and  system  parameters.  A 
plot  of  convergence  time  versus  initial  condition 
uncertainties  is  shown  In  Fig.  19.  In  general, 
the  convergence  time  Increases  as  the  initial 
attitude  errors  Increase.  Sensitivity  to  changes 
in  Initial  drift  compensation  errors  was  small 
except  for  the  worst  case  2-1/4  degree  and  0.  5 
rlegree/hour  error  condition.  (Convergence  time 
with  zero  initial  errors  was  not  zero  because  the 
initially  largo  covariance  matrix  causes  early 
slate  corrections  to  be  excessive).  Convergence 
times  t  un  lie  further  reduced  when  the  initial  un¬ 
certainties  arc  reduced  if  a  corresponding  re¬ 
duction  Ib  made  in  the  Initial  covariance  matrix. 


NOMINAL  STAS  SENSOR  AND  DETE.TOR  GEOMETRY 


0  1  2  1/4 


INITIAL  ATTITUDE  ERROR  (0E0)  EACH  AXIS 


Fig,  19.  C onvsr gene n  versus  Initial 
Condition  Uncertainties 

Simulation  runs  were  made  to  investigate 
two  aspects  of  the  effect  of  star  senior  detector 
sensitivity)  1)  the  effect  of  the  number  of  de¬ 
tectable  stars  as  established  by  detector  sensi¬ 
tivity,  and  2)  tha  effect  of  a  difference  between 
the  number  of  catalogued  stars  and  the  number 
of  detectable  stars. 

One  would  expect  that  as  the  number  of  de¬ 
tectable  stars  Increases,  convergence  time  will 
decrease,  simply  because  attitude  measurements 
become  more  frequent.  However,  as  the  number 
of  detectable  stars  is  further  Increased,  a  point 
will  be  reached  where  convergence  time  begins 
to  increase  again  due  to  rejections  of  multiple 
transit  candidates  within  the  tolerance.  Results 
of  oimulation  runs  indicated  that  this  latter  effect 
was  not  a  significant  factor  over  the  range  of  de¬ 
tector  sensitivities  being  considered.  In  fact,  the 
effect  of  the  number  of  detectable  etars  was  found 
to  be  much  less  important  than  the  difference  be¬ 
tween  the  number  of  detectable  and  catalogued 
stars. 

The  effect  of  auch  a  difference  is  shown  in 
Fig.  20.  These  data  were  obtained  by  varying 
the  number  of  detectable  stars  while  holding 
fixed  the  number  of  catalogued  stare.  The  re¬ 
sults,  as  expected,  Indicate  that  the  better  the 
assessment  of  which  stars  the  detector  can  "see", 
the  faster  the  acquisition  process. 

Simulation  data  was  also  obtained  to  show 
sensitivity  of  convergence  time  to  star  sensor 
field  of  view  (FOV).  The  results,  shown  In  Fig. 
21,  indicate  that  a  large  FOV  is  desirable  from 
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Ftg.  20.  Convergence  Time  veraus 
Detector  Sensitivity 
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SENSOR  FOV  (DEG) 

Fig.  21.  Convergence  Time  versus 
Sensor  FOV 


problems  of  interrupts,  which  is  a  critical  area 
in  SPARS  computations,  That  knowledge  is  cur¬ 
rently  being  applied  in  Phase  IB  to  program  the 
SPARS  algorithms  for  the  UNIVAC  1824C  flight 
computer.  Laboratory  tests  will  begin  in  early 
1670  using  the  programmed  1824  with  a  complete 
SPARS  prototype  (Ref.  10),  The  SPARS  algor¬ 
ithms  are  also  being  programmed  tor  a  Honey¬ 
well  DDP-516  computer  for  real  time  solution 
in  parallel  with  the  1824. 

An  estimate  of  the  computational  require¬ 
ments  for  the  1824  computer  is  given  in  Table  3. 
This  shows  that  the  SPARS  algorithms  require 
less  than  half  of  the  capacity  of  this  computer 
from  both  a  storage  and  speed  standpoint.  Thus, 
the  SPARS  can  be  Implemented  in  a  flight  vehicle 
with  a  typical  aerospace  general  purpose  com¬ 
puter  with  plenty  of  space  and  time  remaining 
for  other  computational  functions  (e,g,,  vehicle 
control,  experiment  pointing,  etc. ). 

The  simulation  program  described  herein 
has  been  a  powerful  tool  in  analyzing  SPARS 
performance  and  delimiting  design  parameters. 
The  simulation  results  presented  have  shown 
that  the  SPARS  dynamic  errors  are  within  the 
requirements  of  the  SPARS  program  for  state- 
of-the-art  components.  Needless  to  say,  the 
simulation  data,  as  well  as  test  data,  have 
proved  the  feasibility  of  the  SPARS  algorithms. 

Table  3.  SPARS  Computational  Requirements 


an  acquisition  standpoint.  However,  this  must 
be  traded  off  against  other  considerations  such 
aa  accuracy,  the  "window  required  in  the  space¬ 
craft,"  and  sun  baffling,  all  of  which  pose  prob¬ 
lems  at  large  fields  of  view. 


The  SPARS  algorithms  described  herein 
have  been  proven  in  digital  simulation  and  real 
tlmo  system  test.  During  the  teete  performed 
in  Phase  IA,  the  algorithms  were  implemented 
on  an  SDS-0300  computer.  Most  of  the  algorithms 
were  programmed  in  Fortran,  with  the  exception 
of  Input/ output  interrupt  servicing  routines.  Con¬ 
siderable  knowledge  was  gained  in  handling  the 


The  geometry  matrix,  H,  ie  defined  as  the 
matrix  of  partial  derivatives  relating  perturba¬ 
tions  In  state  to  perturbations  in  measurement. 


Thus: 

fl(DOT) -  lH  ] ft  x 

(Al) 

where 

Ht  ■  (DOT) 

(A2) 

and 

dot.I^b  •{[TBi<t>]  s1} 

(A3) 

which  la  the  dot  product  of  the  unit  normal  vac- 

D 

tor  to  the  detector  allt  plane,  1 S .  in  body 
coordlnatea  and  the  unit  vector  to  the  atar  ray, 

w*  T 

S  ,  In  the  Inertial  coordinate  frame  tranaformed 
to  body  coordlnatea  thru  LTH,3.  The  dot  product 
repreaenta  the  one  dimensional  angular  error 
(small  angle  approximation)  in  the  transformation 
matrix  [T„tJ  at  t 


BI 


the  measured  time  of  transit. 


Evaluating  (A2)  yields 


•  (tBI  <»  1  S‘|} 

■‘U 


<A4) 


(1  •  1-8) 


Operation  on  text  Eq.  (21)  yields  the  partial 
derivatives: 


h  CT 
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(Aft) 

■  rr  ^bi1  ■  • 

z 

where  Kj,  uJt  and  are  direction  coalnea 
between  the  body  x,  y,  and  t  axea,  reapecttvely, 

and  the  1th  axis  of  the  orbit  oriented  Inertial 
coordinate  frame  (1  ■  1,  2,  3),  and  0,  9,  and  \p 
are  the  Inertial  Euler  anglea  roll,  pitch,  and 
yaw,  reapecttvely. 


The  geometry  matrix  then  becomes 

H  -rg  •{[Gj]  tTc^S1).  1  -  %  ®,  it 

,  1  ,  (A9) 

»3  ■  He  0  0  0  ] 

AEESHP.BL3 

DERIVATION  OF  TRANSITION  MATRIX 


The  linearized  state  vector  eletnenta  have 
been  defined  aa  perturbations  from  the  non  linear 
solution  values  of  three  Euler  angles  and  three 
body  rates 


<B1) 


It  is  desired  to  define  the  fundamental  ma¬ 
trix,  [F  ],  in  the  solution  of  the  linearized  state 
propagation  equation 


1 

x 


[F]  x 


(B2) 


since  that  matrix  le  required  for  determination 
of  the  transition  matrix,  |. 


The  Euler  anglea  0,  9,  \p  relate  the  angular 
position  of  the  body  relative  to  an  orbit  oriented 
reference  frame.  Since  the  body  rotates  thru 
2  rradlana  in  pitch  and  only  very  small  angles  in 
the  other  two  axes,  a  pitch-roll-yaw  sequence 
was  chosen  to  avoid  singularities. 


To  obtain  the  relation  between  Euler  rates 
and  body  ratea,  consider  the  Infinitesimal 
rotation  fin  about  some  axis.  This  can  be  repre¬ 
sented  with  components: 


fin  ■  S8  J  +  SOI*  +  fi^K"  (B3) 

•*  ^  aS 

where  1,  J,  and  K  are  an  orthogonal  right  hand 
triad  fixed  in  the  orbital  reference  frame, 


1 ,  1,  and  k  are  a  similar  triad  fixed  in  the  body 
and  the  primes  Indicate  convenient  intermediate 

frames.  The  vectors '3,  P,  and  R"  can  be 
represented  In  terms  of  1,  £  and  k  as  follows: 

J  ■  J1'  cos  0  -  k  sin  0 
V  ■  f  coe  \p  -  J  sin  ip  <B4) 

i?"  -  k 


J1'  "  j  coe  \p  +  i  sin  \p 


) 


) 
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Substituting  these  into  Eq.  <B3)  gives 

6n  ■  S8  ( j  cos  i p  cos  0+  i  sin  \p  cos  0 
-  k  sin  0) 

+  (1  cos  \p  -  Jstni^)  +  flij/k 

(B5) 

■  (5fl  olnij/  cos  0+  fl0cos^/)T 
■Hflflcos  \p  cos  0  -  50  sin ^>7 
■K-  Msln  0  +  5^)  k 

Dividing  both  sides  of  Eq.  (B5)  by  3t  and  taking  the 
limit  as  5t  goes  to  zero 

"fir  •  (8stni^  cos  0  +  ico »\p)  f 

+  (dcoe^cos  0  -  0  sln^/)  J*  (B6) 

+  (-d sin  0  +  \p)  k 

But  the  l,  J,  k  components  of  ^  sre  just  the  body 
rates  p,  q,  and  r  respectively) 

p  ■  6  sin  \p  cos  0  +  4! cos  \p 
q  ■  i  cos  cos  0  -  &  sin  \p  (B7) 

r  •  -d  sin  0  +  it 

Finally  solving  Eq.  (B7)  the  Euler  rates  are 
d  ■  p  c  os  if/  -  q  sin  p 

0-(psin^  +  qco.  p)  ^-5  (B8) 

P  ■  i-  +  tan  0{q  cos  p  +  p  sin  p) 


Let 

p  ■  p  +  B 
r  Km  x 

+  By  <B9) 


where  p  ,  q  ,  and  r  are  the  measured  rates 
m  it*  m 

and  B  ,  B  ,  and  B  are  the  compensation  terms 
x  y  z 

for  conatant  gyro  bias,  which  are  determined 
Initially  In  calibration  but  which  are  desired  to 
bo  updated  as  part  of  the  state  vector. 

Then  upon  linearization 

Ap  ■  ABX 

4q  ■  ABy 

A  r  ■  AB_ 

A. 


(BIO) 


Expanding  Eq.  (B8)  in  a  Taylor  series  evaluated 
at  a  reference  which  includes  limit  cycling  and 
taking  only  first  order  terms 
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,^*i®,(paln^+q  coa  *)  tiCk 
j  coa'a 

*  00*  '  1  *‘n  +  ain  (pap  ♦  to.  Viq)  (BU) 

A*  •  •  icc'slq  coa**  pain*)  a  a 


•  tin  t  (»q  am  p  coa  ♦  I  in  \fay 
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The  linearized  state  equation  X  ■  [F]  X  in 
matrix  form  la  then 
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The  solution  of  the  transition  matrix,  [|  (t;tQ)] , 
make#  use  of  this  aame  matrix,  [  F  ]  ,  and  ie 
well  known  to  be 

^  [»(t;to)}-  [F]  [*(t;to>]  (B13) 

where  C  *  (t0;  t«)3  ■  I.  the  identity  matrix,  which 
is  Initialized  at  every  star  transit.  By  taking 
advantage  of  the  many  zero  elements  of  [F] 

Eq.  (B13)  can  be  written 
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appendix  c 

1 1 1'.iUVATION  OF  THE  "NOISE  MATRIX."  Uft) 


The  propagation  of  white  plant  nolae  in  the 
dia crete  case  of  linear  recursive  filtering  can 
be  expressed  in  the  following  form 


■  J  *(t.  t)  Q(t  )  »T  (t.  t  )  dt  (Cl) 
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(for  example,  see  Ref.  11).  The  matrix  is  the 
transition  matrix  given  by  Eq.  (28)  In  the  text, 
and  Q(t  )  is  the  covariance  expectation  of  the 
plant  noise. 


1.  e.. 


E  ( v(t)  v(t )]  •  Q(t)  fl(t-T)  (C2) 

where  v(t)  la  the  plant  noise  vector  In  the 
canonical  equation 

F(t)  x  (t)  +  v(t)  (C3) 


When  random  gyro  drift  Is  the  only  plant  noise 


fv^tn 


v3(t) 


0 

0 

0 


<C4) 


where  vi(t)  ,  v2 (t),  and  v«(t)  are  the  expeoted 
random  drift  components  along  ths  orthogonal 
axes,  and  are  assumed  to  be  whits  noise  over 
the  spectrum  of  Interest.  Substituting  this  In 
Eq.  (C2)  yields 


Q(t) 
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-  0 


0  0  0 
0  0  0 
0  0  0 


(C8) 
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In  order  to  obtain  a  closed  form  solution  for  | 
from 

•  (t,  t)  •  [F(t)3  »(t,T)  (C6) 

F(t)  must  be  doscrlbable  by  a  continuous  analytic 
function.  If  It  Is  assumed  that  \p  ■  $  ■  o  and 
q  •  const.  In  F(t)  (£q.  29)  of  the  text]  ,  then 
♦  (t,  t)  becomes 
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It  it  Is  further  assumed  that  star  transits  occur 
frequently  enough  that  cos  qt  “  1  and 


sin  qt  "  qt,  then: 


♦  <t,T) 


1 

0 

Qt 

0 

0 

0 


-qt 

0 

1 

0 

0 

0 


t 

0 

0 

0 

0 

0 


0 

t 

0 

0 

0 

0 


kC8) 


Substitution  of  Eq.  (CS)  and  (C8)  Into  (Cl)  and 
Integrating  yields 
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U(t) 


■1  AtT  0 

0  va2  Abj. 


0 
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V  *r  0 
0  0 
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<C9) 


where  Atj.  ■  t-t^  and  the  assumptions  have 
been  made  that: 


vi  >>^vi  ‘  v3  >  ^ 


and 


v  2  »v  *  q*  t2 
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ABSTRACT 

Thla  paper  deacrlbea  the  concepta  and  implementation  of  the  dealgn  and 
development  of  the  Honeywell  SPARS  components,  The  components  described 
are  a  strapdown  Inertial  Reference  Assembly  (IRA),  a  strapdown  Star  Sensor 
Assembly  (SSA),  and  a  SPARS  Interface  and  Timing  Unit  (SITU),  Of  these,  the 
IRA  la  a  flight  qualified  unit  in  production  for  another  Air  Force  program,  and 
aa  euch  the  discussion  in  this  paper  consists  of  a  description  of  the  design  and 
a  preaentation  of  test  concepts  and  results  pertinent  to  the  SPARS  application. 
The  remaining  components  are  undergoing  development  specifically  for  SPARS, 
and  are  presently  in  the  second  cycle  of  a  development  and  test  program  leading 
to  flight  quail finbls  hardware.  The  design,  development  and  taste  of  the  SPARS 
Phase  IA  engineering  models  of  the  SSA  and  SITU  are  also  described.  Included 
le  a  discussion  for  each  device  of  the  design,  fabricatlor  and  teat  considerations 
of  the  current  SPARS  Phase  IB  program  to  develop  prototypes  of  flightworthy 
modela,  Included  In  these  discuselona  are  descriptions  of  subassembly  develop¬ 
ment  testa  which  played  an  important  part  in  final  component  design  definition, 
Examples  of  this  are  the  series  of  tests  to  develop  solid  state  cadmium  sulfide 
detectors  for  the  SSA,  and  extensive  testing  of  random  drift  characteristics  of 
the  gas  bearing  gyros  in  the  IRA. 


I.  INTRODUCTION 

The  SPARS  components,  constating  of  on 
inertial  reference  assembly,  star  sensor,  and 
interface  unit,  provide  extremely  high  precision 
strapdown  data  for  spacecraft  attitude  determin¬ 
ation,  These  components  are  presently  in  a 
second-generation  development  program  which 
will  culminate  In  a  SPARS  laboratory  system 
test  In  early  1870.  These  tests  will  be  followed 
by  a  qualification  and  an  orbiting  satellite  flight 
teet  program,  scheduled  for  completion  In  the 
early  1870s, 

This  paper  presents  the  design  concepts  for 
these  components,  and  emphasizes  those  aspects 
relating  to  the  critical  design  requirements  of 


SPARS.  Test  data  le  presented  to  Illustrate 
the  extreme  precision  attainable  with  state- 
of-the-art  strapdown  sensors.  Supporting 
information  relative  to  the  SPARS  program 
le  provided  in  Ref,  1,  in  which  the  devel¬ 
opment  history  of  SPARS  is  traced  from  the 
beginning  of  the  Pha-.s  0  conceptual  definition 
in  early  1887  through  breadboard  build  and 
testing  In  Phase  IA  and  Into  the  current 
Phase  IB  prototype  development.  Also  de¬ 
scribed  in  Ref.  1  are  the  tradeoffs  performed 
to  select  the  SPARS  components  and  baseline 
design  parameters,  along  with  a  functional 
description  of  how  the  components  relate  to 
each  other  to  provide  a  precision  inertial 
attitude  reference.  Reference  2  describes 
the  details  of  processing  the  sensor  data  In 


1  This  work  was  supported  by  the  Space  and  Missile  Systems  Organization  of  the  Air  Force,  the 
IRA  under  contract  number  F04701-88-C-0081  and  the  SSA  and  SITU  under  contract  numbers  F04701- 
88-C-0068,  F04701 -88-C-0327,  and  F04701-89-C-0160. 


the  computer,  and  Ref.  3  addresses  the  consid¬ 
erations  for  testing  SPARS  as  a  system  both  on 
the  ground  and  in  orbit. 

In  the  early  phases  of  the  apace  program 
atrapdown  inertial  sensors  were  looked  upon 
strictly  as  a  means  of  implementing  a  simple 
reference  and  control  system  for  short-term, 
relatively  low  accuracy  applications.  Strap- 
down  gyros  were  used  for  missile  and  satellite 
booster  guidance  in  the  late  1860s  and  early  60a 
on  such  programs  as  Vanguard  and  Titan. 
Vibration  and  high  angular  rate  environments 
limited  then,  and  still  do,  the  ability  to  remove 
drift  errors  in  a  atrapdown  system, 

Applications  of  atrapdown  gyros  to  orbiting 
vehicles  (e,  g, ,  Agena)  and  Interplanetary  apace 
vehicle  (e.g.,  Mariner),  which  began  In  the  mid 
1960s,  took  advantage  of  an  environment  in 
which  Isolation  from  vibration  and  high  rates 
through  gimbals  is  not  required  In  order  to 
achieve  low  drift  rates.  The  development  of 
Improved  gas  bearing  gyros  and  pulse  torquing 
techniques  has  led  to  atrapdown  systems  which 
approach  the  random  drift  performance  of  the 
most  sophisticated  glmboled  systems. 

The  obvious  advantage  of  atrapdown  is  the 
elimination  of  the  complex  glmbal  assemblies. 

An  equally  Important  advantage  results  when  the 
gyros  are  to  be  used  together  with  body-mounted, 
absolute  attitude  sensors.  In  such  a  case, 
strapdown  gyros  provide  necessary  relative 
attitude  change  information  directly,  whereen  a 
gimbaled  platform  does  so  through  the  glmbal 
readouts,  Involving  an  additional  error  source, 
This  advantage  was  dramatically  emphasised  In 
tha  SPARS  Phase  0  gyro  tradeoffs  between  single 
degree -of-freedom  strapdown  and  electrostatic 
gyro  (E3Q)  concepts.  Tho  drift  rate  of  the  latter 
is  so  low  that  star  sensors  would  have  to  be  em¬ 
ployed  only  for  initial  alignment  with  periodic 
alignment  every  month  or  two;  yot  the  basic 
limitations  in  the  readout  of  a  reasonably  sized 
ESC  (analogous  to  glmbal  readouts  on  a  platform) 
were  above  SPARS  error  requirements.  The 
higher  random  drifts  of  the  single  degree-of- 
freedom  (SDOF)  gyros  ultimately  selected  for 
SPAR5  were  less  Important,  since  the  resultant 
drift  In  the  attitude  reference  is  bounded  by  the 
discrete  star  sensor  measurements. 

The  concept  of  pulse  torquing  gyros  was 
Investigated  in  the  mid  I860*.  It  waa  apparent 
then  that  a  digital,  rather  than  an  analog  output 
from  strapdown  gyroa,  offered  advantages  In 
scale  factor  stability  and  linearity,  drift  rate, 
and  compatibility  with  the  digital  computer,  which 
at  that  time  was  in  lta  embryonic  stage  (Ref,  4). 
Studies  were  made  at  Honeywell  for  Implementa¬ 
tion  of  a  strapdown  attitude  reference  computa¬ 
tion  In  a  computer  on  the  OAINS  program  by 
Anderson,  et  al.  (Ref.  5).  This  work  was  ex¬ 
tended  to  development  of  the  SIGN  class  of 
guidance  systems  (Ref.  6)  flown  on  the  PRIME 
program.  The  present  day  verelon  of  this  is  the 
SIGN-111  system,  which  uees  the  same  basic  gyros 
and  pulse  rebalance  techniques  as  the  SPARS 


Inertial  reference  asbcmbly.  The  latter  is  the 
GG2200,  a  strapdown  inertial  reference  assem¬ 
bly  developed  specifically  for  orbiting  space¬ 
craft  on  Air  Force  Program  467  (Ref.  7).  It 
is  currently  in  the  final  stages  of  flight  qualifi¬ 
cation.  The  performance  characteristics  of 
this  system  and  the  timeliness  of  lte  development 
have,  in  large  part,  been  responsible  for  the 
success  of  the  LMSC -Honeywell  SPARS  program, 

The  development  of  a  atrapdown  scanning- 
type  star  sensor  (sometimes  referred  to  as  a 
Star  mapper)  represent!  an  alternative  to  the 
gimbaled  star  tracker  as  a  sensor  suitable  for 
spacecraft  attitude  determination.  The  first 
article  appeared  In  1861  and  considered  both 
navigation  and  attitude  determination  from  a 
■pinning  vehicle  In  interplanetary  space  (Ref. 

8),  Two  articles  in  1966  discussed  an  lnternstl 
•pinning  roticle  as  a  means  of  obtaining  the  star 
transits  from  an  inertially  stabilized  vehicle 
(Ref.  9),  An  article  in  this  conference  pre¬ 
sents  the  results  of  a  Starmapper  experiment 
aboard  ATS-C  (Ref,  10).  The  application  of 
such  an  instrument  to  planetary  aurfacea  to 
determine  astronomic  position  oi  the  motion 
parameters  of  the  body  is  discussed  in  Ref.  11. 
Numerous  other  articles  have  been  written  on 
more  restricted  facets  of  Starmapper  design. 
These  four,  however,  illustrate  well  the  de¬ 
velopmental  history. 

Application  of  tha  ecanning-type  star  sensor 
to  SPARS  was  conceived  during  the  Phase  0 
proposal  period  (Ref,  12).  Thie  represented  a 
departure  from  the  applications  described  above 
in  that  the  motion  of  the  star  images  across  the 
detector  element*  (caused  in  tha  SPARS  case 
by  vehicle  Earth-oriented  rotation  in  orbit)  Is 
considerably  slower.  Thle  permitted  uae  of 
■olid-state  detectors,  which  have  a  somewhat 
■lower  response  time  than  photomultiplier- 
type  sensors  but  offtr  significant  advantages 
in  terms  of  size,  powsr,  reliability,  and  coat. 
Consequently,  development  of  the  SPARS  star 
sensor  hat  been  most  notable  in  two  areas: 
optical  deeign  and  detector  development. 

II.  INERTIAL  REFERENCE  ASSEMBLY 

The  Inertial  Reference  Aeeembly  (IRA)  used 
in  SPARS  consists  of  three  single -degree-of- 
freedom  gyros  mounted  with  input  axes  in  a 
nominal  orthogonal  triad.  The  package  shown 
in  Fig,  1  and  designated  the  QQ2200  has  been 
under  development  on  Air  Force  Program  467 
since  late  1067,  Each  axle  employ*  a  closed- 
loop  pules  rebalance!  gyro,  Digital  data  from 
each  axis  is  provided  on  two  output  line*,  one 
for  each  polarity  of  input  motion.  The  pulees 
appearing  on  these  lines  have  a  one-to-one 
correspondence  with  gyro  torquer  rebalance 
pulses  and,  therefore,  represent  an  incremental 
measurement  of  attitude, 

The  GG2200  consist*  of  three  functional 
groups:  inertial  sensing,  loop  closure,  and 
supporting  functions.  A  discussion  of  the 
deeign  of  each  group  follows.  Figure  2  shows 
tho  iRA  block  diagram. 
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Fig.  1,  GG3300  Inartlal  Reference  Aaeambly 


limit  Mil 


Figure  3.  003300  IRA  Simplified  Singla-Axia 
Block  Diagram 


The  GG334A  gyro  characteristics  and 
environmental  capability  are  shown  in  Table  1. 


Table  1.  QG334A  Characteristics  and 
Environmental  Capability 
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a.  amain  Simian 

Inertial  sensing  la  performed  by  three 
single -degree -of- freedom  gyros.  Angular  mo¬ 
tions  about  an  IRA  axis  are  sensed  by  the  gyro 
aasoolated  with  that  axis  which  outputs  an  elec¬ 
trical  signal  proportional  to  the  Input,  A  cutaway 
view  of  tne  gyro,  showing  the  primary  me  chan- 
loal  features,  le  shown  in  Fig,  3.  The  gyro 
employs  a  gas  bearing  spliunotor  whioh  affords 
long  life  and  low-noise  performance,  Thla 
facilitates  a  low  threshold  and  the  determination, 
with  minimum  unceitainty,  of  Input  axla  rate, 

The  design  also  employs  a  permanent  magnet 
torquer  for  high  torqulng  capability,  Xaen  gyro 
employs  four  temperature  sensors,  one  for  tele¬ 
metry  and  three  which  function  as  references  In 
temperature  compensation  or  oontrol  circuits. 


mnsmi 


Fig.  3.  OQ334A  Oae  Bearing  Gyro 


B.  Loop  Closure 


Cloaed-loop  operation  ie  effected  with  pulac 
rebalancing;  that  la,  diecrete  impulaea  of  torque 
are  applied  (fed  back)  to  the  gyro  preceaaion  axle. 
Theae  Impulaea  are  r.  function  of  preceaaion  axia 
displacement,  which  ie  a  function  of  input  axia 
motion.  The  approach  aaaoclated  with  generating 
theae  torque  Impulaea  la  diacuaaed  in  the  follow 
lng  paragrapha. 


1.  Ternary  Torqulng  -■  The  loop  employs 
ternary  torqulng;  that  is,  at  each  allocated 
specific  time  alot  provided  by  the  timing  refer¬ 
ence,  either  a  poeltlvc  pul**,  a  negative  pulae, 
or  "no  pulae"  la  fed  to  the  gy»o  preceaaion  axia 
torquar,  Ternary  torqulng  la  ueed  becauae  it 
afforda  better  performance  than  doea  binary 
torqulng,  In  a  binary  torqulng  ayatem,  the  loop 
can  provide  only  a  poaltlve  or  negative  pulae. 
The  equivalent  "no  pulae"  atate  with  binary 
torqulng  la  achieved  by  alternating  poaltlve  and 
negative  pulaea  into  the  gyro  torquer,  Consld- 
eratlona  aaaoclated  with  theae  two  different  ap¬ 
proaches  are  discussed  below, 


At  low  input  rates  a  difference  between  the 

Soaltlve  and  negative  pulse  acale  factors  of  the 
lop  rebalance  pulaea  will  induce  a  gyro  drift 
proportional  to  thla  difference  and  to  the  fre¬ 
quency  of  alternate  pulae  occurrence.  The 
frequency  of  occurrence  for  binary  torqulng  la 
equal  to  one-half  the  maximum  rebalance  fre¬ 
quency,  about  5000  Hz.  With  ternary  torqulng 
thla  frequency  la  generally  leaa  than  10  Hz. 

The  corresponding  Induced  drifts  are,  therefore, 
In  the  ratio  of  600il, 


Ternary  torqulng  generally  Involves  a  limit 
cycle  frequency  that  is  two  order*  of  magnitude 
leas  than  that  of  a  binary  torqulng  ayatam,  The 
Inherent  rata  determination  capability  with  a 
ternary  ayatem  la,  therefore,  superior  to  that  of 
a  binary  system,  Thla  follow  a  from  examina¬ 
tion  of  the  distribution  of  net  outDut  Dulse  counts 
that  would  occur  within  a  given  sampling  period; 
that  la,  the  period  that  would  be  employed  for 
the  rate  determination  process.  In  general,  a 
lower  frequency  limit  cycle  gives  rise  to  leaa 
variance  in  the  net  pulae  count  distribution.  Thla 
variance  la  a  direct  measure  of  the  "nolas"  or 
uncertainty  In  the  rate  determination. 

The  loop  declalon  proceaa  aaaoclated  with 
generating  a  pulse  consleta  of  establishing  a 
pulse  rate  which  lc  approximately  proportional 
to  preceaaion  axis  displacement.  This  pulse 
rate  function  le  achieved  with  a  voltage-to-fre- 
quency  converter. 

The  loop  employa  Interrupted  constant- 
current  type  pulses,  Theae  pulses  are  nominally 
rectangular  In  terms  of  currant  magnitude  and 
duration.  They  are  formed  by  the  switching 
bridge  operating  In  conjunction  with  a  precision 
current  supply  and  the  timing  reference. 

While  there  is  virtually  no  restriction  In 
tho  form  of  a  rebalance  pulse,  only  the  rectan¬ 
gular  and  half  sinusoids  have  common  usage. 


Rectangular  pulses  are  preferred  because  of  the 
simpler  mechanization  of  the  switching  bridge 
and  the  constant- current  supply. 

2.  Dynamic  Hangs  Extension  —  In  order  to 
achieve  a  low  rats  uncertainty  characteristic,  a 
relatively  low  pulse  alas  Is  employed.  As  a 
consequence,  the  pulse  rate  required  at  high 
input  rate  conditions  would  ganarally  ba  sxces- 
alve  In  terma  of  attendant  Inaccuracies  and 
complexity.  To  obviate  these  difficulties,  the 
loop  employs  a  pulse  weight  change  when  the 
Input  rate  reaches  a  praacrlbad  range.  The 
automatic  Increase  In  pulae  weight  is  accom¬ 
panied  by  a  corresponding  decrease  In  forward 
loop  gain  in  order  to  maintain  tha  loop  dynamic 
characteristics.  Tha  lncraaae  In  pulae  weight 
la  also  accompanied  with  an  output  discrete  that 
Identifies  tha  output  pulaea  as  either  high  or  low 
in  value . 

C.  Supporting  Functions 

Tha  supporting  functions  of  tha  loop  relate 
to  power,  temperature  control  and  compensa¬ 
tion,  timing  references,  telemetry,  ana  teet, 

The  moat  notable  among  theae  funotlona  la  tha 
use  of  temperature  compensation  techniques  to 
conserve  power.  In  order  to  conserve  power, 
the  temperature  of  the  aenaoru  la  allowed  to 
vary  over  &  limited  range  and  the  resulting  effect 
on  output  acale  factor  and  loop  gain  la  compen¬ 
sated  In  the  electronics. 

Loop  acale  factor  variation  with  temperature 
occur  a  primarily  becauae  of  gyro  torquer  acale 
factor  variation,  This  torquer  variation  la  com- 
pens  at  ad  by  controlling  the  precision  current 
supply  value  aa  a  function  or  gyro  temperature. 
Thla  control  la  accomplished  with  a  temperature 
aensor  that  la  physically  located  upon  the  gyro 
and  connected  in  the  feedback  loop  of  the  current 
supply, 

Loop  gain  variations  with  temperature  occur 
because  of  the  change  of  gyro  damping  with  tem¬ 
perature.  Thla  effect  Is  compensated  with  a 
forward  loop  amplifier  whose  gain  la  controlled 
aa  a  function  of  gyro  temperature.  This  control 
la  achieved  with  a  gyro  temperature  aeneor  that 
la  connected  In  the  feedback  circuit  around  the 
amplifier,  Tha  variation  of  the  gyro  time  con- 
atant  with  temperature  la  not  compensated 
becauae  ita  effects  arc  negligible. 

D.  Electronic  Circuit  Packaging 

State-of-the-art  packaging  techniques  ora 
uaed  for  the  IRA  electronics.  Moat  of  the  IRA 
circuits  are  packaged  on  printed  wiring  boards, 
both  two-sided  and  multi-layer,  Mounted  on 
these  boarda  are  thick  film  assemblies,  dis¬ 
crete  components,  and  Integrated  circuits.  The 
loop  electronic  assembly,  shown  in  Fig,  4,  la 
typical  of  tha  electronic  circuit  packaging. 

Each  of  three  identical  assemblies  consists  of 
a  multilayer  printed  wiring  board  (six  copper 
layers)  on  which  are  mounted  the  discrete  com¬ 
ponents  and  thick-film  assemblies  needed  to 
provide  the  required  functions. 
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Fig.  4.  Loop  Electronic*  Aaaembly 


2, 


latter  information  la  Indicative  of  initial  con¬ 
dition  uncertalntlea  in  drift  rate  tor  the  SPARS 
acquialtlon  process, 

1.  Scale  Factor  Linearity  Tests  —  The 
torquer  linearity  error  was  computed  by  the 
method  of  least  squares  from  analog  torqulng 
data  on  a  G0334A  gyro.  The  results  are  pre¬ 
sented  In  Fig.  5,  and  show  linearity  errors 
below  0, 01  percent  to  rates  exceeding  one 
rad/ sec. 


The  performance  requirements  of  the 
003300,  the  SPARS  requirements,  and  the 
acceptance  teat  data  taken  on  the  Phaae  1A  IRA 
arc  shown  In  Table  a.  Of  the  drift  parameters, 
only  random  drift  Is  Important,  since  g- 
tnsensltiv*  (fixed)  drift  la  corrected  by  star 
sensor  data  In  the  SPARS  optimal  filtering 
calculations,  and  g-sensltlva  drift  Is  negligible 
In  the  orbital  environment.  Rate  range  of  the 
ooaaoo  Is  more  than  ademiate  since  the  SPARS 
gyros  see  orbital  rate  or  less.  Scale  factor 
linearity  la  important  over  the  particular  range 
of  rates  seen  by  the  gyros,  since  variations  In 
rate  cause  an  apparent  equivalent  random  drift 
In  the  measured  rate  output.  Frequency  re¬ 
sponse  Is  not  critical  In  SPARS  because  of  the 
low  frequency  of  Input  rate  changes. 

Table  3.  IRA  Performance  Requirements  and 
Phase  1A  IRA  Acceptance  Test  Data 


Figure  5.  GQ334A  Torque  Linearity 
(Analog  Data) 


Torqulng  linearity  tests  have  also  been  per¬ 
formed  using  pulse  rebslanoe  electronics.  The 
results  are  presented  In  Fig.  6  and  again  show 
linearity  errors  below  0. 01  percent  to  rates  ex¬ 
ceeding  40  deg/seo. 


a.  BMMjgffi litorg,  Prift  Tlltt ■  —  Extensive 
random  gyro  drift  tests  were  conducted  on  the 
Q033  4 A  gyro  during  the  Phase  0  program.  In 
these  tests,  the  gyro  la  operated  In  a  closed 
analog  loop,  and  the  output  signal  Is  fsd  to  a 
precision  voltage -to -froquency  converter.  This 
rate  signal  Is  integrated  with  resettable  up- 
down  counters,  which  can  be  sampled  and  reset 


Since  scale  factor  linearity  and  random 
drift  are  the  significant  parameters  affecting 
SPARS  performance,  teste  were  conducted  to 
specifically  evaluate  them  for  SPARS,  Tests 
were  also  conducted  to  determine  runup  to  runup 
and  long-term  (months)  drift  stability.  The 


Figure  6.  QQ334A  Torque  Linearity 
(Pulse  Rebalance  Data) 
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at  any  frequency  of  interest.  The  data  was  sub¬ 
sequently  analyzed  on  a  digital  computer.  The 
details  of  these  tests  and  the  results  are  de¬ 
scribed  in  Appendix  B. 

3.  Runup-to-Runup  and  Long-Term 

brih  Teste--  TKe  stability  oillie  OG- 
334A  gyro  cTrlTCrate  has  been  determined  as  a 
(Unction  of  aplnmotor  runup-to-runup.  Figure 
7A  is  a  histogram  of  drift  rate  shifts  with  the  in¬ 
put  axis  vertical  (IAV)  for  16  gyros. 

Histograms  showing  the  0°F  cooldown  drift 
rate  stability  of  34  GG334A  gyros  are  shown  in 
Figs.  7B.  7C,  and  7D.  The  values  in  the  his¬ 
tograms  are  the  EMS  of  the  change  in  drift  rate 
between  successive  cooldowns  for  each  gyro. 


A,  RuA<up  ItabU union  (IAV)  ft.  Cool  Down  lUbUily  (A*«Uon 

Torqutt 


C.  Cool  Duwfi  fltafcilup 
(MUIA) 


‘/m  «y  t 


D.  Cool  Doon  liability 
(MUM  A) 


Figure  7.  Error  Torque  Stability 


The  long-term  drift  rate  stability  measured 
on  GG334A  gyros  Is  shown  in  Figs.  8  and  9. 
During  the  time  period  noted  the  gyros  were  sub¬ 
jected  to  0°F  cooldowne,  long-term  continuous 
operation,  and  various  torquing  tests, 

F.  SPARS  TRA  Gyro  Input  Axle  Calibration 

One  of  the  necessary  calibrations  for  SPARS 
operation  is  the  determination  of  the  IRA  gyro 
input  axis  orientations  with  respect  to  the  same 
set  of  reference  surfaces  to  which  the  star  sen¬ 
sors  and  ultimately  the  optical  alignment  link  or 
optical  pointing  device  are  aligned.  These 
reference  surfaces  are  three  sides  of  an  optical 
cube. 


HIM  (MONTH!) 

Figure  8,  GG334A  G-Seneltive  Torque 
Stability 


Figure  9.  GG334A  G-Seneltlve  Torque 
Stability 


The  output  of  the  IRA  alignment  process  la 
a  3  x  3  transformation  matrix  which  is  used  to 
transform  the  three  rates,  derived  from  the 
accumulated  pulse  turns  from  the  three  IRA 
gyros,  into  an  orthogonal  coordinate  reference 
frame.  This  orthogonal  coordinate  reference 
frame  would  ideally  be  coincident  with  the 
normals  to  the  optical  cube.  If  these  cube  Bur- 
faces  are  not  normal  to  each  other  to  the  desired 
degree  of  nccura^  y,  then  the  reference  frame  Is 
formed  by  selecting  three  vectors  as  followj; 

1)  the  normal  to  one  particular  cube  face;  2) 
a  vector  that  is  90  degrees  from  that  normal  and 
in  the  plane  of  that  normal  and  the  normal  to  a 
second  reference  surface;  and  3)  the  orthonorrnal. 
This  was  the  case  in  the  Phaso  IA  system,  since 
the  surfaces  on  tho  optical  cube  were  not  aligned 
as  accurately  as  they  could  be  measured,  The 
reference  frame  and  the  gyro  input  axee  are 
ehown  In  Fig,  10, 

Tht  accuracy  requirement  for  determina¬ 
tion  of  gyro  input  axee  derives  from  the  equiv¬ 
alent  drift  associated  with  Integration  of  attitude 
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using  rate  about  the  wrong  axes  -•  that  is,  a 
cross  coupling  error.  It  must  be  realized  that 
cross  coupling  arising  from  body  rates  that  are 

essentially  constant  over  many  star  sensor 
measurements,  such  as  1b  the  orbital  pitch  rate, 
will  create  an  equivalent  bias  drift  that  will  be 
compenseted  for  in  the  recursive  filtering  state 
correction.  Therefore,  the  rates  which  are  lm- 
portant  In  specifying  gyro  alignment  accuracies 
are  actually  changes  in  rate  which  occur  within 
short  time  periods.  For  the  flight  system, 
vehicle  limit  cycle  rate  changes  sre  the  domin¬ 
ant  error  source.  The  SPARS  flight  model 
specification  value  of  gyro  input  axes  calibra¬ 
tion  accuracy  is  based  on  s  maximum  allowable 
equivalent  drift  change  of  1 0  percent  of  the 
specified  gyro  random  drift  level  for  typical 
limit  cycle  rate  changes. 


MICH  a 


Fig.  10.  Gyro  and  Cube  Coordinate  Frames 


1 .  Gyro  Input  AxIb  Alignment  Measurem gn\ 
Procedure  --  The  procedure  requires 
that  a  fixture^ be  built  to  hold  the  SPARS  base, 
mounting  the  IRA  package  and  the  optical  cube 
such  that  each  of  the  three  gyro  Input  axeB  can, 
in  turn,  be  oriented  along  the  vertical.  The 
fixture  le  then  mounted  on  a  precision  single- 
axis  rate  table  whose  spin  axis  is  nominally 
aligned  to  vertical.  The  rate  table  must  have  a 
precision  constant-speed  drive,  excellent  low 
wobblo  characteristics,  and  accommodate  the 
weight  of  the  IRA  and  mounting  fixture.  Rota¬ 
tion  of  the  package  on  the  table  results  in  a 
saturated  output  rate  from  the  gyro  whose  input 
axis  CIA)  is  parallel  to  the  table  spin  axis,  and 
low  rates  from  the  other  two  gyros.  The  angle 
output  from  either  of  the  two  gyroB  with  lAs 
perpendicular  to  the  table  spin  axis  is  propor¬ 
tional  to  the  deviation  from  60  degrees  of  the 
angle  between  that  gyro's  1A  and  the  table  spin 
axle.  By  rotating  the  table  through  precisely 
380  degrees  at  a  constant  rate,  the  effect  of 
earth's  rate  Is  canceled  out. 


The  misalignment  angles  of  the  two  gyros  are 
directly  obtained  from  the  angle  sums;  then  the 
process  1b  repeated  twice  more  with  the  other  two 
IRA  axes  parallel  to  the  table  spin  axis,  A  total 
of  six  misalignment  angles  are  obtained,  which 
completely  describe  the  misalignments  of  the 
three  gyro  IAs,  with  respect  to  the  table  spin  axis. 

In  each  of  the  three  SPARS  base  orientations 
on  the  rate  table,  the  deviation  of  two  optical  cube 
surfaces  from  the  turntable  spin  axis  must  be 
measured,  Then  the  six  desired  alignment 
errors,  namely  the  angle  between  the  gyro  1A 
and  the  optical  cube  normals,  can  be  calculated. 
The  measurement  of  the  gyro  Input  axle  relative 
to  the  optical  rube  normals  la  performed  In  two 
parts;  measurement  of  the  mirror  normals 
relative  to  the  turntable  epln  axis;  and  measure¬ 
ment  of  the  gyro  Input  axis  relative  to  the  turn¬ 
table  spin  axis. 

With  these  two  pieces  of  data,  the  desired 
alignment  errors  of  the  gyro  input  axlB  relative 
to  the  mirror  normals  can  be  calculated.  The 
first  of  these  measurements  Is  made  with  a 
theodolite,  using  the  locsd  vertical  as  an  Inter¬ 
mediate  transfer  medium  between  several  table 
and  theodolite  positions.  The  gyro-to-upln- 
axls  measurements  are  performed  by  rotating 
the  table  at  a  high  apeed  and  counting  pulses 
from  the  two  gyros  whose  input  axes  are  nom¬ 
inally  normal  to  the  table  spin  axis. 

2.  Transformation  Matrix  —  Once  the  gyro 
Input  axes  have  been  located  relative  to  the  cube 
face  normals,  it  1b  possible  to  transform  rates 
about  the  gyro  Input  axes  Into  rates  about  the 
orthogonal  reference  axes,  The  nonorthogon- 
allty  of  the  optical  cube  is  measured  before  the 
cube  Is  mounted  on  the  SPARS  base.  The 
transformation  matrix  Is  the  InverBe  of  a  small- 
angle  matrix  which  la  calculated  from  the  input 
axis  alignment  data  and  cube  geometry  data. 

The  orthogonal  reference  axes  have  been 
defined  sb  follows; 

X  axis  —  normal  to  cube  face  "D" 

Z  axis  —  90  degrees  from  the  X  axis  In  the 
plane  defined  bv  normals  to  cube 
faces  "D"  and  "C"  and  in  the 
approximate  direction  of  the  "C" 
face  normal. 

Y  axis  —  normal  to  the  plane  of  X  and  Z, 
(Right  hand  system  in  X,  V,  Z. ) 

Figure  10  demonstrates  ri  'ative  positions 
of  the  reference  axes,  cube  face  normals,  and 
gyro  Input  axes.  From  this  figure  it  Is  relativ¬ 
ely  easy  to  reBolve  the  three  input  axes  Into  X, 

Y,  and  Z  coordinates  thus  relating  rates  about 
the  reference  axes  to  rates  about  the  gyro  Input 
axes.  This  relationship  is  shown  In  Eq.  (1). 


V(TRO]Wr  (1) 
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where: 


W  is  the  rate  vector  about  the  gjro  input 

axes 

W  ia  the  rate  vector  in  the  reference 
r  frame,  and 

I T  J  ie  the  inverse  of  the  transformation 
matrix  used  In  Ref.  2  to  transform 
gyro  data  into  the  reference  frame. 


The  transformation  mairlx.T^,  is  computed 

from  the  misalignment  angles  shown  in  Fig.  10 

as; 


Fig.  11.  Phase  IA  IRA  Electronics 


The  email  angle  approximation  Introduces  less 
than  0. 2  arc  second  error  for  angles  less  than 
one  dogree. 

0.  Phase  I A  IRA 

The  Phase  XA  IRA  was  a  modified  breadboard 
version  of  the  002200  IRA.  The  breadboard  IRA 
electronics  are  shown  in  Fig.  11.  This  type  of 
construction  allowed  rapid  assembly  and  test. 

The  separate  gyro  package  was  physically  the 
same  slae  as  the  002200,  shown  in  Fig.  1. 

The  Phase  IA  IRA  does  not  have  dual  rate 
range,  provision  for  accepting  an  external 
timing  reference,  or  dual  voltage  splnmotor 
operation.  In  all  other  respects,  it  is  func¬ 
tionally  the  same  as  the  00  2200. 


III.  3 TAR  SSMaQfl 

The  developmental  history  of  the  SPARS 
star  sensor  la  principally  one  of  solid-etate 
photodetectors  -  or  rather  of  their  application 
to  star  sensors. 

The  development  of  the  star  sensor  itself 
represents  an  alternative  to  the  star  tracker 
as  a  sensor  suitable  for  spacecraft  attitude 
determination.  The  first  article  (Ref.  B)  appear¬ 
ed  in  1861  and  considered  both  navigation  and 
attitude  determination  from  a  spinning  vehicle 
in  interplanetary  space,  A  pair  of  articles 
(Ref.  9)  in  1966  discussed  an  internal  spinning 
reticle  as  a  means  of  obtaining  the  star  transits 
from  an  lnertlally  stabilised  vehicle.  An  article 
in  this  conference  (Ref,  10)  presents  the  results 
of  a  star  sensor  experiment  aboard  ATS-IQ,  The 
application  of  auch  an  instrument  to  planetary 


surfaces  to  determine  aatronomlo  position  or 
the  motion  parameters  of  the  body  is  discussed 
in  (Ref.  11).  Numerous  other  articles  have  been 
written  on  more  restricted  facets  of  star  sensor 
design.  These  four,  however,  illustrate  well  the 
developmental  history. 

In  the  following  paragraphs  we  will  first 
of  all  desorlbe  the  SPARS  star  sensor  in  its 
current  design.  Using  this  as  a  reference  point, 
we  will  then  chronicle  its  development  since  1967. 


The  operation  of  the  two  star  senaors  in  the 
SPARS  system  has  already  been  described. 

Figure  12  shows  some  details  of  the  lens  elements, 
photodetector,  and  electronics,  Each  is  des¬ 
cribed  separately  below. 

1.  Choice  ofOptlpal  System  —  The  optical 
system  shown  in  Fig,  la  is  of  the  type  called 
"corrected  rear  concentric".  That  la,  except 
for  the  aspheric  corrector  plate  at  the  aperture 
and  the  meniscus  interface,  all  radii  of  curva¬ 
ture  (including  that  o'  the  focal  surface)  are 
concentric  with  tho  aperture.  Such  a  design  is 
inherently  free  of  coma,  astigmatism,  and  dis¬ 
tortion  in  addition  to  pose  easing  a  theoretical 
180  deg.  FOV,  The  meniscus  interface  la  used 
for  color  correction  and  is  not  concentric  with 
other  surfaces.  The  aspheric  surface  provides 
almost  perfect  correction  at  the  design  wave¬ 
length  but  is,  of  course,  also  not  concentric. 

These  latter  two  surfaces  thus  reduce  the  usable 
FOV  ae  well  ae  introducing  slight  amounts  of  the 
other  aberrations. 
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Figure  12,  Phase  IB  SPARS  Star  Senator 


The  performance  of  this  optical  system  ia 
ahown  in  Fig.  13  for  both  on-axis  images  and 
for  two  degrees  off-axis  (four-degree  FOV).  It 
can  be  seen  that  there  is  almost  identical  per¬ 
formance  throughout  the  field  which  is  a  very 
important  criterion  in  star  sensor*.  All  of  the 
star  Bensor  optics  were  manufactured  by  E  &  W 
Optics  Inc. ,  of  Minneapolis,  Minn. 


Oh  *■■) 


Figure  13.  Star  Sensor  Optical  System 
Performance 


The  invention  of  the  concentric  system  was 
the  simultaneous  but  unrelated  work  of  Bouwers 
(Ref.  1 3 )  and  Maksuto  (Ref.  14).  The  design 
steps  involved  in  these  systems  la  outlined  in 
(Ref.  15)  of  the  present  conference. 

Unlike  most  optical  designs,  the  allowable 
tolerances  on  radius  thicknesses,  and  separations 
are  very  small.  Generally  only  0.  003  in,  is 
permitted  while  for  some  dimensions  (the  radius 
of  the  meniscus  entrance  face  and  the  total  men¬ 
iscus  thickness),  no  more  than  0,  001  in.  deviation 


from  the  design  can  be  permitted.  Element 
centering  should  also  be  within  0.  001  in.  in 
order  that  focus  De  maintained  at  the  field  edge, 

A  further  consideration  when  such  tolerances 
are  applicable  la  operation  over  a  temperature 
range.  It  has  been  found  that  the  back  focal 
length  (the  axial  distance  from  the  mirror  to  the 
focal  surface)  change*  slightly  with  temperature. 
Since  the  detector  aenaitlvlty  was  determined 
empirically  to  be  the  major  limiting  parameter 
of  the  system,  the  fastest  realizable  optics 
system  was  designed  to  operate  with  it.  Because 
of  the  low  f/ number  (f/1. 14),  the  focal  surface 
must  remain  within  mlcroinchea  of  its  "beat" 
focus.  To  achieve  this,  the  expansion  of  ths 
Invar  housing  ia  counteracted  by  that  of  the 
meniscus  in  which  the  focal  surface  le  mounted 
by  appropriately  locating  the  lands  for  the  opti¬ 
cal  elements, 

Aa  one  would  expect,  thermal  gradients  are 
of  serioua  concern.  A  temperature  difference 
from  one  side  of  the  housing  to  the  other  of  only 
3°  F  will  cause  the  mirror  to  tilt  relative  to  the 
meniscus  and,  therefore,  cause  a  pointing  error 
relative  to  the  mounting  flange  that  ia  significant 
relative  to  the  SPARS  accuracy  requirement.  To 
prevent  such  gradients  from  occurring,  a  com¬ 
bination  of  high  conductance  coatings,  insulation, 
and  reflective  paints  is  employed.  Care  will  have 
to  be  exercised  that  auch  a  gradient  does  not  enter 
via  the  mounting  flange.  Finally,  heat  sources 
within  the  star  sensor  electronics  must  be  ade¬ 
quately  analyzed  to  make  aure  gradients  art 
minimized  and  those  that  remain  are  symmetrical. 

2.  Detector  —  The  detector  for  the  Phase  IB 
SPARS  star  aensor  has  been  developed  by  Allen- 
Bradley  Corporation  of  Milwaukee,  Wisconsin 
and  la  composed  of  thin-ftlm  cadmium  sulfide 
(CdS)  deposited  on  a  four-inch  radius  of. curvature 
diak  and  overlaid  with  an  elactroda/sllt  pattern. 
The  configuration  and  conatructlon  techniques 
are  outlined  in  Fig.  14.  The  employment  of 
■tretched  wires  of  very  small  diameter  (0.  0003 
in. )  for  the  electrical  mask  has  proven  to  be  a 
good  technique  for  aolving  the  problema  of  sub¬ 
strate  curvature  and  high  length-to-wldth  ratio 
(433).  Photographic  or  other  schemes  have  not 
been  tried,  but  it  le  doubtful  they  could  provide 
the  necessary  resolution  under  these  conditions. 
The  definition  of  silt  edge  Is  of  paramount  im¬ 
portance  for  accuracy.  The  stretched  wire 
technique  creates  extremely  smooth  edges 
(roughness  leas  than  10  to  20  Mlnches)  with 
occasional  "chips"  of  100  H  Inches  or  no  caused 
probably  by  tiny  dust  particles  which  remain  on 
the  wire  despite  elaborate  cleaning. 

Exactly  how  the  (circular)  star  image  inter¬ 
acts  with  the  CdS  material  aa  It  crosses  the  elit 
is  very  difficult  to  analyze.  Two  characteristics 
are  clear,  however,  as  illustrated  in  the  photo¬ 
graphs  of  Fig,  15; 

(1)  The  output  pulse  from  the  detector 
contains  a  fast  (60  m  sec)  leading  edge 
followed  by  a  slower  decay  (relaxation 
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of  the  materiel  after  light  passage). 

(2)  Considerable  variation  in  response 
occurs  along  the  slit  (Fig.  IS  (b)] 
caused  by  the  star  image  passing  over 
crystals  or  combinations  of  crystals 
having  varying  sensitivities. 


Figure  14.  Thin  Film  CdS  Photodetector 
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Figure  IS,  Cdfi  Photodetector  Star  Trannlt 
Outputs 

A  number  of  articles  have  been  published  on 
thln-fllm  CdS.  The  beet  are  perhaps  those  of 
Refs.  1C,  IT  and  IS,  None,  however,  treats  the 
situation  as  it  exists  in  the  SPARS  star  sensor: 
a  small  spot  of  light  moving  normal  to  a  long 
strip  of  active  area.  Only  a  smell  portion 
(approidmately  1/400)  of  the  strip  or  ellt  takes 
part  in  the  signal,  whereas  tha  entire  slit  con¬ 
tributes  to  tha  noise.  Furthermore,  the  alii 
paaaaga  ia  much  faster  than  tha  normal  time 


constants  of  the  material  Itself.  For  example, 
it  typically  requires  300  m  ssc  for  the  signal  to 
rlas  to  63  percent  of  its  ultimate  height  when 
excited  by  a  one-foot-candle  step  function  of 
light  and  operated  with  an  optimum  value  of  back¬ 
ground  light.  A  star  imagt  la  past  the  slit  in  60 
m  see  for  a  vertical  allt  and  70  m  sec  for  those 
canted  at  30  degrees.  Nevertheless,  sufficient 
•tar  detection  signal  la  obtained  from  this  frac¬ 
tion  of  peak  value  as  will  be  discussed  In  the 
next  section. 

A  considerable  amount  of  study  and  tasting 
remains  to  be  dona  on  the  detector.  These  in¬ 
clude  teets  tor  the  effect  of  star  Intensity  and 
color  on  rise  time,  and  tha  effects  of  tempera¬ 
ture  and  humidity  environment, 

3.  Blirtronlflg  —  AS  shown  in  Fig,  18, 
the  SPARS  star  sensor  electronics  constats  of 
two  portions:  (a)  tha  preamplifier*,  mounted 
immediately  behind  the  detector;  and  (b)  the 
main  amplifiers,  detection  and  oontrol  circuitry, 
and  power  distribution  all  wrapped  around  the 
outside  of  the  sensor  fort -bousing. 

There  are  six  elite  and  ala  identical  seta  of 
electronics  from  preamp  through  level  demo¬ 
tion.  Each  channel  operates  as  shown  in  Fig. 

16  (only  tha  concepts  are  shown;  many  details 
are  omitted).  Detection  le  on  the  leading  edge 
and  ooeura  at  a  fixed  fraction  of  the  pulse  peek. 
Leeding  edge  detection  avoids  problems  caused 
by  pulse  assymetry  (Ref.  IS),  end  detection  at 
a  constant  fraction  (a,  g, .  half)  of  the  peek  takes 
cart  of  variation  due  to  detector  response  ss 
well  ss  star  magnitude. 
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Figure  10,  8 Ur  Senior  Phene  IB  Bleotrenioo 


Fractional  peak  or  "adaptive"  detection  la 
achieved  by  sending  the  pulse  through  two  chan¬ 
nels;  one  which  delays  the  pulse,  the  other  which 
stores  the  peak  of  the  pulse,  A  fixed  fraction  of 
this  peak  value  Is  then  applied  as  a  bias  level  to 
the  detection  circuit.  The  delayed  pulse,  when 
It  reaches  the  level  detector.  Is  thus  detected 
(1,  e. ,  causes  a  logic  level  output  to  be  sent  to 
the  SITU)  at  a  fixed  value  of  its  peak. 

Pulses  wldch  are  below  a  minimum  sign  al¬ 
to -noise  (fl/  N)  ratio  are  not  processed  at  all, 
thereby  minimising  false  tranaita  from  star  a 
dimmer  than  the  limiting  detectable  magnitude. 
Pulaea  whioh  uaturate  the  ayatem  also  do  not 
cauae  an  output  to  the  SITU  because  thia  state  is 
detected  and  blocks  such  output  as  well  as  dis¬ 
charging  capacitors  so  as  to  arrive  as  quickly 
aa  possible  back  in  the  operating  range,  Changes 
In  the  average  detector  dark  current  (due 
principally  to  the  sun)  are  eliminated  by  a  base¬ 
line  follower  circuit  which  allows  the  average 
light  level  to  Increase  by  a  factor  of  ten  over 
that  normally  supplied  by  the  background  light 
In  the  sensor  Itself. 

^wimaa, 

two  alternate  solid-state  scheme ■  are  being 
Investigated  for  SPARS: 

*  A  thin  film,  single  crystal  volume 
effect  CdS 

•  A  photodiode. 

The  first  le  being  pursued  by  the  Marquardt 
Corporation,  Van  Nuya,  California,  and  Is 
shown  In  Fig.  17.  The  unique  feature  have  is 
that  the  substrate  le  a  single  cyratol  of  sapphire 
and  the  transparent  electrode  and  CdS  layers  are 
epitaxially  grown  as  a  single  crystal.  This 
should  product  Inherent  uniformity  of  responee 
along  the  silt.  In  addition,  since  the  electrodes 
ars  on  elthsr  aids  of  the  CdS,  the  conduction  le 
through  the  material  rather  than  across  lte 
surface  ae  In  the  baseline  approach  currently 
In  use.  Tide  should  produce  more  efficient  use 
of  Incoming  light  elnce  electrons  rtleassd  by 
each  photon  quickly  reach  ths  electrode*. 

The  principal  disadvantage  lies  in  the  par¬ 
ticular  geometry  employed.  The  transparent 
electrode,  being  on  the  substrate  side  of  the 
CdS,  foroee  the  light  to  traverse  the  substrate. 

It  la  currently  Impractical  to  make  the  electrode 
Itself  only  0, 0003  Inch  wide;  thus,  ths  dtflning 
silt  must  bt  on  ths  other  aide  of  the  substrate. 
This  makes  the  light  passing  through  the  slit 
tan  out  consldsrably  (about  equal  to  ths  distance 
travelled  at  f/1),  thereby  applying  much  lower 
foot-candle  retinge  to  the  detector  than  would 
have  been  the  case  had  the  light  been  focussed 
directly  on  the  detector.  For  example,  a  one 
foot  candle  focuased  spot  fane  out  through  10 
mlla  of  substrate  to  a  spot  which  la  10  mils  in 
diameter  (up  by  a  factor  of  SO  from  0,0003  Inch). 
The  light  level  at  the  detector  is  thus  down  by  a 
factor  of  (50)2  to  4  x  10**  foot  candles. 
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Figure  17.  Volume  Effect  CdS  Fabrication 


The  second  alternate  approach  to  a  SPARS 
photodetector-photodlodes  la  being  pursued  by 
Electro  Nuclear  Labe,  Menlo  Park,  California. 
The  approach  used  Is  illustrated  In  Fig,  16. 

A  flat  silicon  disk  has  0, 004  Inch  wide  active 
regions  diffused  in  the  desired  radial  pattern. 

Not  shown  In  Fig.  18  Is  a  fibsr -optic  faceplate 
flat  on  one  slds  (which  contacts  ths  silicone) 
and  curved  on  the  other  side.  The  defining  "lit 
mask  is  deposited  on  thin  curved  face.  (This  is 
one  of  the  alternates  shown  In  Fig,  17  b, )  Star 
image  light  Is  than  conducted  by  ths  fibers  to  the 
active  silicon*  regions. 

Very  npectal  photodiode  characteristics  are 
required  for  this  application,  the  most  demand¬ 
ing  of  which  Is  that  the  NEP  in  the  bandwidth  of., 
interest  (bslow  savon  Herts)  must  bs  in  the  10“19 
to  10*1*  watt  region  in  order  to  detect  the  signal 
(about  10*1*  watt  )  with  adequate  S/N  ratio. 

Such  a  low  NEP  at  low  frequencies  demands  that 
the  1  If  noise  component  have  a  break  frequency 
below  100  Herts, 


beginning 


elopment  of  the  SPARS  Star  Sensor 

Phase.  0  --  Star  eeneor  studies  at  the 
ig'of  Pnase  0  ware  in  the  categorise  of 


system  studied,  and  capability  and  availability 
or  detectors.  In  ths  system  study  area,  ques¬ 
tions  of  slit  geometry,  number  or  ellts,  field  of 
view,  and  number  of  sensors  were  addressed. 

On  the  hardware  aide,  the  search  for  a  suit¬ 
able  photodetecior  rapidly  converged  on  both  CdS 
thin  film  and  photodiode  aa  the  only  promising 
devices. 
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Figure  18.  Multi- Element  Photodiode 


M  Pheuie  1A  opened.  Results  soon  Indicated, 
however,  that  stability  was  a  very  great  problem, 
and  It  did  not  appear  that  the  cause  of  the  instab¬ 
ility  could  be  isolated  without  greatly  improving 
laboratory  conditions. 


As  the  program  progressed,  It  became  clear 
that  suitable  credibility  could  be  established  only 
by  showing  some  experimental  results.  Acting 
on  this  belief,  a  rather  large,  10  degree  FOV,  con¬ 
centric  optical  system  was  constructed  (Fig.  18) 
and  measurements  made  on  both  thin-fllm  CdS 

Siroduced  in  CDC's  Research  Division)  and  on  a 
ewlltt  Packard  photodiode  with  fibre  optlos 
leading  from  the  slit  to  the  deteotor,  Fig.  20, 

The  test  results  are  summarised  in  Fig.  21. 
This  data  was  suff talent  for  the  moment  to  show 
that  a  solid-state  star  sensor  was  feasible.  In 
addition,  arguments  could  be  made  that  a  half- 
eised  sensor  would  work  about  equally  well  - 
with  either  CdS  or  the  photodiode.  Improvements 
in  each  detector  were,  of  course,  anticipated. 

2.  Phase  1A  »  During  the  nine  months  of 
Phase  1A  (June,  1868,  to  March,  I860),  three 
star  sensors  wers  built  (two  used  In  the  SPARS 
breadboard  at  Honeywell  and  one  retained  at 
CDC  for  detector  tasting))  outside  suppliers 
wore  introduced  for  the  photodetectors  (notably 
AUen-Bradley))  a  laboratory  test  fixture  was 
developed  for  Inside  testing)  and  the  peak- 
storage  olrcult  was  developed  to  circumvent 
detector  response  variation,  Beoausa  all  else 
depended  on  it,  the  detector  development  will 
first  be  discussed, 

a.  Detector  ••  At  the  very  end  of  Phase  0, 
it  was  felt  that  cadmium  aelenlde  (CdSe)  should 

Srovide  a  better  detector  than  CdS,  This  was 
eoause  of  its  faster  response  and  broader  spec¬ 
tral  region.  Work  thus  proceeded  in  this  direction 


Figure  19,  Phase  O  Equipment  Photos 


In  light  of  this  situation,  it  was  decided  to 
attempt  to  obtain  detectors  from  existing  landing 
detector  manufacturers,  NUmsrous  suggestions 
and  names  wers  gathered  from  the  AF,  LM8C, 
HI,  and  CDC  detector  people,  as  well  as  from 
available  literature.  Investigations,  letters, 
visits,  and  the  writing  of  specifications  became 
a  major  effort  during  August,  1668,  The  end 
result  was  that  Allsn-Bradley  was  selected  in 
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the  CdS  area  and  United  Detector  Technology 
in  the  photodiode  area.  * 


the  original  detectors  received  were  responsive 
even  to  bright  stars  over  only  about  five  percent 
of  the  silt  lengths  and  even  this  five  percent  was 
scattered  along  the  slit.  By  early  1966,  however, 
advances  had  been  made  to  where  70  percent  of 
the  slit  wae  adequately  responding  to  a  fourth 
magnitude  star  wheu  operating  in  a  star  sensor 
with  a  three-inch  aperture. 
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Figure  20.  Deteotor  Photos 


Altogether,  in  the  remainder  of  Ph.’.ro  1A, 
33  detectors  were  received  from  Allen-Bredloy 
during  the  course  of  a  development  which  in¬ 
cluded  doping  changes,  Impedance  variations, 
endless  discussion!  as  to  how,  exactly,  the 
deteotor  wae  to  function,  similar  dlecuselons  as 
to  correspondence  between  CDCa  and  A-Ba  test¬ 
ing  procedures,  variations  in  elit  width,  varia¬ 
tions  in  reeponee  time;  and  many  other  menaces 
which  are  ell  part  of  a  rapidly  developing  aub- 
technology.  One  can  summaries  by  saying  that 


Figure  31,  Phase  O  Penults 


b.  Star  Sensors  —  Figure  33  shows  a 
photo  of  the  Phase  1A  star  eenaor,  three  of 
which  were  constructed  during  1996,  These  ware 
an  approximately  half-scale  version  of  the  Phase 
0  experimental  sensor  except  that  enough  glass 
wae  included  for  a  3  in,  aperture  (the  design  was 
for  3, 36  in. ),  and  the  FOv  was  4  degrees  as 
finally  decided  upon  from  computer  simulations 
at  Honeywell  ana  other  considerations  such  as 
■un  shielding.  The  focal  length  was  4  Inches 


o 

UDT  trlsd  to  product  narrow  photodlodss  on  a  curvsd  substrata.  A  few  were  received  but  were 
unable  to  detect  the  low  light  lovele  present  In  the  star  sensor.  Thus,  no  further  mention  le  made  of 
this  effort. 
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making  the  optic*  f/1.78  with  the  aperture  stop 
on  and  about  f/1.3  with  it  removed. 
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so  that  each  transit  occurs  at  a  slightly  different 
position  along  the  slit.  (This  Is  how  the  trace  of 
Fig.  IS  b  was  made.) 


Fig.  32.  Phase  IA  Star  Sensor 


Fig.  23.  Star  8ensor  Test  Bed 


Each  optical  system  was  slightly  different, 
responding  to  changes  that  were  occurring  In  the 
detector.  In  the  early  states,  when  it  was  be* 
lleved  that  CdSe  would  be  the  ultimate  detector, 
the  design  wavelength  was  set  near  6200  Ang¬ 
stroms  and  Schott  glasses  BaKl  and  LF1  were 
used  in  the  menisoui;9  This  we  called  Serial 
No.  1.  By  the  time  Serial  No.  2  was  well 
along,  the  switch  baok  to  CdS  had  been  mads. 

This  was  too  late  to  affect  the  menlsous,  but  a 
change  In  the  mirror  produced  acceptable  color 
response  for  CdS.  Serial  No.  3  was  then  designed 
for  CdS  but  still  used  the  original  glasses.  In 
addition,  an  aspheric  aperture  plate  design  was 
fir*t  attempted  with  Serial  No.  3. 

the  principal  tasks  in  Phase  1 A  was  to  develop 
a  teat  bed  In  the  laboratory  tor  star  sensor  ex* 
orclslng  and  detector  evaluation.  Figure  23  is 
a  photo  of  the  resulting  laboratory  test  bed  de* 
veloped  in  Phase  1A.  As  can  be  seen  from  the 
photo,  the  rear  of  the  star  sensor  is  Ip  the  fore¬ 
ground  in  a  yoke  whioh  can  be  tilted  by  the  micro¬ 
meter  head  attached  to  the  frame.  The  devioe  at 
the  far  end  of  the  fixture  le  a  star  sky  simulator. 
This  existing  star  simulator  was  modified  to 
produce  stars  from  0m  to  6. 4m  in  step*  of 
about  1,  lm. 


Just  in  front  of  the  star  sensor  is  a  Hs/chsl 
wedge  assembly.  In  effect,  this  moves  the  stars 
baok  and  forth  across  the  (vertical)  slit  deteotor 
in  the  star  sensor .  The  micrometer  ie  used  to 
position  the  region  of  transit  along  tht  slit. 
Altsmatsly,  tht  mlcromstsr  can  ha  slowly  drlvtn 


Bssldea  dsts mining  ths  S/N  ratio  (in  a 
statistical  sansa)  along  ths  slit,  ths  test  flxturt 
can  also  avaluat*  accuracy.  Ths  angle  enooder 
can  be  used  to  Indloite  wedge  position  (and  thus 
star  angle)  at  the  instant  of  a  "star"  output  (one- 
shot)  pules  from  ths  alsotronios.  Ths  sosttar 
about  of  ths  mean  position,  the  dapandtnc*  on 
•tar  magnituds,  and  ths  ourvatlv*  of  tha  slit, 
can  all  be  measured  with  this  fixture. 

d.  DgyitoBttiatflLAdlBttyL 
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to  achieving  the  desired  sensor  accuracy t 


(1)  The  output  pules  from  CdS  waa 
definitely  uneymmstrlc  and  thus 
detection  on  both  slops*  of  the  star 
transit  pulst  would  produos  large 
errors, 

(2)  Leading -sdg* -only  detection  with  a 
fixed  (or  oven  a  s  arise  of  fixed)  bias 
level  would  also  laad  to  Urge  errors 
because  tha  Urns  of  transit  signal  rlss 
to  any  particular  absolute  value  de¬ 
pended  upon  maximum  puls*  height. 

The  sensitivity  to  puls*  height  would  be  a 
serious  enough  problem  if  it  were  only  a  function 
of  star  intensity.  However,  it  would  always  bs 
possible  to  calibrate  this  and  let  tbs  computer 
correct  ths  measured  time  appropriately.  What 
makes  this  calibration  Impossible  in  practice  is 
ths  variability  of  response  along  ths  slit,  since 
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The  design  steps  and  various  rational*  are  illustrated  in  Ref.  16  of  this  oonfsrsno*. 


no  gradual  function  of  alit  uniformity  would  b« 
applicable.  Errors  in  the  many  tens  of  arc 
seconds  were  being  created. 

To  overcome  this,  the  peak*  storage  (or 
adaptive)  aeheme  shown  back  In  Fig.  IS  was 
developed.  The  rationale  for  this  came  from 
noticing  that  the  leading  edges  of  all  the  pulses 
(regardless  of  ultimate  height)  differed  only 
by  a  scale  factor.  Thus,  if  detection  were  to 
occur  always  at  e  fixed  percentage  of  the  pulse 
peek,  then  It  would  also  occur  when  the  star 
Image  bore  a  fixed  relation  to  the  silt  (slightly 
past  It). 

Some  of  the  results  obtained  during  the 
final  Phase  IA  demonstration  to  the  Air  Foroe 
In  February,  I960  are  shown  In  Fig.  94.  Each 
scope  trace  uses  a  different  star  magnitude  and 
la  triggered  by  the  angle  encoder  on  the  teat 
fixture.  Thus,  position  along  the  sweep  corre¬ 
lates  with  the  Image  position  on  the  star  aanaor 
focal  surface.  One  can  aee  that  the  5t)  percent 
point  on  each  pules  la  within  one  or  two  ere 
seconds  of  the  others. 


The  scope  photos  in  Fig,  26  show  some  typical 
results.  Besides  verifying  overall  aanaor  per¬ 
formance  against  real  atars  (and  through  an  at  - 
CiOif  bori),  these  tests  substantiated  the  tests 
performed  under  more  controlled  laboratory 
conditions. 


Figure  28,  Phase  1A  Star  Sensor  Aoouraoy 
Demonstration 
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Fig.  94.  Phase  IA  Demonstration  at 
80%  Bias  Level 


The  method  chosen  to  achieve  this  fixed 
percentega  or  adaptive  detection  la  to  delay  the 
pulse  In  one  channel  while  measuring  Its  peak 
and  netting  the  trigger  level  In  a  second  channel. 
The  aoouraoy  of  this  soheme,  as  demonstrated  at 
the  and  of  Phase  IA,  la  shown  in  Fig.  28. 

a  nutMiite  x—tlag  —  At  the  end  of  Phase  LA 
(early  1989)  extensive  testing  was  conducted 
against  reel  stare  from  the  roof  of  Building  1C 
at  the  CDC  headquarters  oomplax  in  Minneapolis, 


Figure  96,  Representative  Reel  Ster 
Transits 


Home  interesting  Insight  into  the  thermal 
stability  of  the  sensor  wee  also  obtained  by  these 
outsldo  tests.  Since  focus  was  established  in  the 
lab  at  room  temperature,  and  temperatures  out¬ 
side  to  -18°F  did  not  noticeably  afreet  image  qual¬ 
ity,  it  was  concluded  that  the  aanaor  was  relatively 
Insensitive  to  ambient  temperature  changes. 
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IV.  SPARS  INTERFACE  AND  TIMING  UNIT  (SITU) 

The  data  transfer  from  the  SPARS  gyro 
assembly  and  star  sensors  to  the  computer 
presents  a  highly  sensitive  inter facs  area  within 
the  system,  beoause  the  unique  operational  cher- 
acterletlcs  of  each  one  of  thaee  system  compo¬ 
nents  make  them  Inherently  incompatible  with 
each  other.  The  output  from  the  gyro  assembly 
is  in  the  form  of  three  pulse  trains  in  which  the 
repetition  rate  of  the  pulses  is  directly  propor¬ 
tional  to  the  sensed  rate  in  each  one  of  tne 
gyros.  The  star  sensors  generate  event-oriented 
output  pulses,  where  eaoh  pulse  signifies  a 
star-image  transit  across  one  particular  detector. 
The  outputs  from  the  gyro  assembly  end  from 
the  etar  sensor  assemblies  are,  therefore, 
asynchronous  with  respect  to  each  other  and  to 
any  baslo  computer  clocking  cycle  and  present 
a  severe  strain  on  the  capabilities  of  any  input/ 
output  unit. 

For  an  operation  such  as  SPARS  with  its 
extreme  eocuracy  requirements,  It  is  nearly 
impossible  to  transfer  the  gyro  and  star  sensor 
data  directly  into  the  computer  without  intro¬ 
ducing  degeneration  of  data  quality.  When  in 
addition  It  le  required  to  relate  these  data  to 
laboratory  reference  points,  the  SITU  becomes 
a  necessity. 

The  main  purpose  of  the  SITU  is,  thus, 
to  desensitise  this  critical  interface  by  pro¬ 
viding  any  auxiarv  functions  that  are  needed  to 
allow  the  usage  or  a  general  purpose  computer 
(OPC)  for  the  SPARS  computations.  In  this 
capability  the  SITU  can,  therefore,  be  deacribea 
ae  a  special  extension  to  the  OPC  input  /output 
unit.  In  particular,  this  must  Include  the 
establishing  of  the  time-interrelationship  of  the 
gyro  star  sensor  and  laboratory  reference  sys¬ 
tem  output  data  and  the  conversion  of  these 
data  into  a  OPC  Input/output  compatible  format. 

To  accomplish  this  task,  the  following  major 
functions  were  Incorporated  in  the  SITUt 

•  The  capability  to  preoount  both  the 
positive  and  negative  asynchronous 
rate  gyro  pulses  for  eaoh  of  the  three 
gyro  axes  over  continuously  consecutive 
preciee  time  Intervale, 

•  The  capability  to  register,  and  resolve 
with  respect  to  time,  the  occurrences 
of  star  linage  transits  acoross  each 
individual  aeteotor  of  the  two  star 

sensor  assemblies. 

•  The  capability  to  register,  and  resolve 
with  reepeot  to  time  the  occurrence  of 
a  rate  table  reference  marker,  for  the 
Phase  IA  syetem  only, 

•  The  formatting  of  theae  data  into  binary 
coded  data  worda. 

•  The  temporary  storage  of  these  data 
words  to  accommodate  a  smooth  com¬ 
puter  controlled  data  transfer  into  the 
OPC. 


*  The  capability  to  communicate  with  that 
GPC  at  a  100  milllet''.ond  cycle  rate. 

The  principal  functional  blocks  of  the  SITU 
machanlaation  are  shown  In  Fig,  27.  The  Phase 
1A  breadboard  SITU  la  shown  in  Fig.  28. 

A  hlgh-preclelon  oscillator  provides  the 
necessary  timing  references  and  la  used  as  the 
master  clock  In  the  system. 
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Figure  27,  Functional  Block  Diagram 
of  Phase  IA  SITU 


Fig.  2B.  Phase  IA  SITU  md  SSA 
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The  asynchronous  gyro  pulse  trrina  are 
accumulated  In  conventional  up/down  counters 
over  100  millisecond  periods  and  at  the  end  of 

each  period  the  contents  of  these  three  counters 
are  strobed  in  parallel  into  their  own  specific 
data  word  slots  of  a  ten  S  -bit  word  buffer  output 
register  (BOR).  After  the  strobing  action  the 
counters  are  reset  to  zero  for  the  next  100 
millisecond  cycle.  During  the  Interval  of 
shifting  gyro  counts  into  the  BOR  and  the  counter 
reset  action,  all  the  input  circuits  to  the  counters 
are  inhibited  from  receiving  gyro  pulses.  Any 
gyro  pulses  generated  during  this  interval  are 
automatically  routed  to  individual  holding 
registers  from  where  they  are  strobed  into  the 
counters  after  the  inhibit  is  lifted. 

The  star  transit  timer,  the  associated  star 
detector  decoder  and  the  reference  marker  timer 
are  equipped  with  similar  holding  registers  at 
their  inputs,  so  that  the  complete  SPARS  system 
is  capable  of  running  Independent  of  computer 
cycle  constraints. 

The  time  referencing  of  the  star  transit  and 
rate  table  position  reference  markers  is  accom¬ 
plished  with  the  use  of  ripple-up  counters  where 
the  discrete  pulse  generated  by  the  sensors  at 
the  time  of  the  event  is  used  to  gate  In  a  10  KHz 
clock  for  the  remainder  of  the  100  millisecond 
time  Interval  in  which  the  event  occurred.  The 
individual  star  detector  identification  pulses 
are  coded  in  a  hexadecimal  coder.  The  contents 
of  these  time  counters  and  the  detector  coder  are 
also  strobed  into  their  lndivlaual  slots  in  the 
BOR  so  that  at  the  end  of  each  100  millisecond 
period  all  the  significant  information  about  that 
period  is  stored  in  the  correct  binary  format  and 
word  sequence  and  ready  to  be  input  into  the 
computer. 

A  fixed  delay  after  the  BOR  is  filled,  the 
SITU  sends  a  priority  interrupt  to  the  computer 
to  indicate  that  it  is  ready  to  be  interrogated, 

The  data  shift  out  operation  from  that  point  on 
is  under  control  of  the  computer,  but  must  be 
completed  before  the  end  or  the  next  100-milli¬ 
second  cycle  to  prevent  loee  of  valid  data. 

In  the  Phaae  IB  SITU  the  baelc  function* 
from  the  Phaee  IA  unit  were  preserved,  but 
were  modified  to  preaent  a  closer  approach  to 
a  flight  worthy  configuration.  Fig,  2».  The 
gyro  up/down  counters  ware  all  made  to  have 
equal  capacity  and  the  atar  transit  time  count 
and  detector  identification  Information  are  no 
longer  formatted  as  separate  word*  hut  multi¬ 
plexed  Into  a  single  data  word,  The  basic  clock 
freauonev  la  inert  seed  from  100  KHz  to  2MHz 
to  allow  fatter  etrobe  and  reset  operation,  and 
an  Internal  DC  to  DC  power  converter  wai  added 
to  allow  operation  from  on  unregulated  38  Vdc 
supply. 

For  simultaneous  opsratlonal  capability 
with  a  flight  computer  and  a  OPC,  a  more  com¬ 
plex  BOR  control  and  a  dual  buffered  output  wtre 
added. 


;wshkv 


Figure  29.  Functional  Block  Diagram  of 
Phaae  IB  SITU 


The  BOR  format  wai  changed  to  a  five  12- 
bit  word  configuration  and  haa  a  parallel  word 
entry  capability  to  accommodate  a  shift  through 
capability  for  facility  information  and  data  from 
other  flight  ayatema  to  the  computer  complex 
via  one  common  output  bus, 

A  etep-by-step,  remotely  addressable, 
aelf-c'nsck  eyetem  wai  incorporated  for  pre- 
ayetem  run  verification  purposes  and  failure 
isolation  in  case  of  a  system  breakdown.  This 
self-check  system  can  be  automatically  activated 
by  the  facility  computer  or  manually  by  the 
operator  at  the  control  station. 


APPENDIX.  A 
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EQUATION  AND  ERROR  ANALYSIS 


The  actual  input  rate  along  the  1A  of  one  of 
the  gyros  being  aligned  la  given  by 


Wu  ••  <WT  +  WE  sin  L>  tin  £ 

+  Wg  coe  L  cos  €  coe  8  (Al) 


where  i 

is  the  gyro  input  axle  rate 
WT  it  the  turntable  rate 
Wg  it  earth's  rate 

L  la  the  latitude  of  the  teat  site 

c.  is  tli*  error  angle  between  the  gyro  LA 
and  tha  table  spin  axis,  and 
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6  is  the  angle  between  the  gyro  IA  and 
north 


Thla  equation  atiumei  that  the  table  spin 
axle  la  aligned  with  the  local  vertical,  or  that 
L  le  the  angle  between  the  table  apin  axle  and 
the  earth*  a  apin  axis.  Rotation  of  the  table 
through  360  degreea  at  a  oonetant  rate  la  pre¬ 
sented  by  the  following  Integration  of  Eq,  (Al)t 


2tf  r 

Jo  WlA^-Io  [<WT+WEainL)ain€ 

+  WB  ooa  L  ooe  ti  coe  oj  dB  <A2) 


T 

WT  Jo  dB  ^  -  2 Iff  <WT  +  WE  alnL)  aln  6 


(A3) 


where  W^,  *  dS/dt,  and  T  Is  the  time  for  one 

revolution,  T  -  2ir/WT.  The  Integral  f^W^dt 

la  by  definition  the  angular  equivalent  of  the 
accumulated  pulaea  from  the  gyro  being 
meaaured. 

Thla  equivalent  gyro  input  angle  will  be 
denoted  by  PWN,  where  Pw  la  the  gyro  pulae 
weight  In  radians  per  pulae,  and  N  le  the 
accumulated  pulae  count.  Solving  for  the  mis- 
alignment,  we  have 


aln  6 


pwN 


air  f  1  + 


*1 

w„ 


•aln  L 


(A4) 


For  mlaallgnment  anglea  of  a  degree  or  leee, 
the  amall-angle  approximation 


PWN 

_  ri_- 


2ir  |  1  + 


JbL 

wT 


aln  L 


(A5) 


can  be  uaad,  where  the  approximation  error 
la  leaa  than  0. 2  aro  aecond. 


Alignment  Errors 

A  number  of  uncertalntlea  will  result  In  the 
data  obtained  from  the  above  alignment  pro¬ 
cedure.  These  are  listed  In  Table  Al.  The 
total  uncertainty  la  well  within  the  SPARS 
requirement. 


Table  A- 1.  Summary  of  Uncertainties  in  IRA 
Input  Axis  Calibration 

Maximum  Error, 


_ Normalized* 

Error  Source 

Per  g 

?  tr  Mia 

Qyro  Pulae  Weight 
Uncertainty 

0. 120 

0. 167 

Qyro  Drift 

0.013 

0.020 

IRA  Pulse  Count 
Quantization 

0.002 

0.  003 

Table  Enooder 
Quantization 

0.007 

0.013 

Table  Bearing  Wobble 

0.333 

0.467 

Table  Speed 

Variations 

0.007 

0.013 

Mirror  to  Spin  Axis 
Measurement 

0.  200 

0.  200 

Small  Angle 
Approximations 

Total  ona-o 

Measurement 

Uncertainty 

0.067 

0.  003 

0.  633 

formalized  to  SPARS  gyro  Input  axis  callbra- 

tlon  acouraoy  requirement. 


APPENDIX  B 

spars 

Qyros  of  the  floated,  air  bearing,  pulae 
rsbalanoed  rata  Integrating  type  with  extremely 
low,  stable  drift  rates  are  the  candidatee  for  the 
SPARS  attitude  referenoe  system.  The  Honey¬ 
well  OQS34A  is  thla  type  of  gyro.  One  of  the 
major  problems  In  determining  ayatem  attitude 
aocuracy  la  the  accurate  modeling  of  floated, 
pulae-rebalanced  gyro  drift  oharaoterlatlos. 
Constant  gyro  drift  la  unimportant  In  thla  appli¬ 
cation  bacauae  it  gate  calibrated  out  completely 
in  the  SPARS  recursive  filtering  equations. 
High-frequency  gyro  drift,  on  tne  other  hand, 
has  auch  a  low  amplitude  that  It  doea  not  Inte¬ 
grate  to  an  appreciable  angle.  The  drift  that 
affects  ayatam  acouraoy  the  moat  la  In  the 
0. 0001  to  0. 1  Hz  range.  Accurate  power  apec- 
tral  density  Information  on  gyro  drift  In  thla 
region  la  somewhat  difficult  to  Isolate  and  ob¬ 
tain.  Long  sampling  times  and  a  significant 
amount  of  data  are  Involved.  This  appendix 
describes  the  results  of  0O334A  gyro  drift 
testing,  statistical  analysis,  and  modeling. 

Two  primary  methods  wars  used  by  Honey¬ 
well  to  gather  gyro  drift  data  during  the  SPARS 
QQ334A  drift  testing  program.  The  first  method 
la  to  feed  the  gyro  a-o  rate  output  to  precision 
voltage-to-frequency  converters.  This  rate 
proportional  a-c  signal  is  then  Integrated  with 
resettable  up-down  countera.  The  counters 
can  be  sampled  and  reset  to  aero  at  any  fre¬ 
quency  of  interest,  and  the  sampled  counts  are 
then  punched  on  paper  tape  or  sent  directly  to 


Uic  SDS  9300  computer,  with  six-decimal  digit 
accuracy.  Tills  method  is  used  to  investigate 

the  drift  spectral  characteristics  out  to  half 
the  sampling  frequency,  using  the  approxima¬ 
tion  that  the  rate  error  is  constant  over  any  one 
sample  period.  This  test  setup  proved  to  be 
extremely  accurate,  but  unfortunately  has  the 
characteristic  of  exhibiting  frequency  folding 
effects  in  the  sampled  data;  1.  e. ,  drift  at 
frequencies  greater  than  the  sampling  frequency 
appears  in  the  lower  frequency  part  of  the 
sampled  spectrum, 

To  eliminate  any  frequency  folding  effects, 
a  second  method  of  gathering  data  was  employed. 
Here,  the  rate  output  Is  amplified  with  a  high- 
gain,  low-noise  buffer  amplifier  right  at  the 
test  setup  to  minimis*  noise  pickup  and  trans¬ 
mission  losses.  The  amplified  signal  is  thsn 
fed  to  a  low-pass,  seventh-order  filter  whose 
cutoff  frequency  can  be  varied  between  2.0  and 
25  H*.  The  voltage  output  from  the  filter  can 
be  read  with  an  RMS  reading  meter,  for  com¬ 
parison  with  the  standard  deviation  of  the  rate 
output  computed  in  the  computer  facility  from 
the  time  history.  This  amplified  and  filtered 
signal  is  then  routed  to  the  A/D  converters 
in  the  hybrid  computer  facility  via  coaxial 
cable.  The  sample  and  hold  amplifiers  are 
interrogated  and  reset  by  the  computer  at 
any  frequancy  of  interest.  Ths  filter  cutoff 
frequency  in  the  gyro  lab  is  always  adjusted  so 
that  It  Is  half  tha  sampling  frequency,  to 
eliminate  "folding"  completely.  Thie  gives  a 
true  picture  of  the  drift  power  out  to  half  the 
sampling  frequency.  The  signal  flow  through 
llils  test  setup  is  shown  In  Fig.  Bl. 


Figure  Bl.  Gyro  Drift  Test  Configuration 


Ones  the  gyro  drift  sample  time  history 
has  been  obtained,  the  autocorrelation  function 
and  the  power  spectral  denaity  (PSD)  are  com¬ 
puted.  The  mean  la  given  byi 

l  N 

x  -  V  S  x.  (Bl) 

N  j-  1  J 

where  N  =  5000. 

Once  the  mean  haa  been  computed,  a  new 
sequence  of  sample  values  Is  defined 


yj  "  xj  -  x  <B2) 


Next,  the  intensity  of  x  is  computed 

fc.[(y-x)2]  =  E(x2)  =  (y-x)2  <H3) 

J  Wj=l  J 

This  Intensity  is,  of  course,  a  measure  of  the 
total  average  power. 

The  autocorrelation  function  of  the  y  process 
is  estimated  by 


.  N-k 

*  Yj+k 


where  k  ■  0,  1,  2  . . . ,  mj  r  »  kT;  and  T  is  the 
sample  period.  Here,  m  is  the  specified  number 
of  lags  (maximum  allowed  Is  2000). 

The  variance  of  x,  a  measure  of  the  aver¬ 
age  power  associated  with  the  a-c  component, 
is  given  by  R(O)  since 


R(O)  -  E(y2)  -  E  (x-x)2 


An  estimate  of  the  power  spectrum,  sometimes 
referred  to  as  the  power  spectral  density,  is 
obtained  from  the  Fourier  spectrum  of  tnio 
truncated  autocorrelation  function.  Since  R(r) 
is  an  even  function, 


S.(f)  -  j'  R(r)e'2,TfT  dr  -  2  J'  R(T) 
■*  o 


■cos  (2irfr)  dt 


computed  at  intervals  of  f  /2m  over  the  range 
0*f*fg/2,  where  la  thr  sampling  frequency. 

A  weighted  average  of  adjacent  values  of 
S  (f)  is  obtained  corresponding  to  a  convolution 
with  a  spectral  window  j  in  particular,  the 
Hamming  window. 


S  — 2  ■  0.23  S. - 8  |  +  0.54  S 


+  0. 23  S„ 


<»+l)f 


for  n  -  1,  2,  . , . ,  m-l,  and 


S(O)-0.46S  I.  8  +0.54  S  JO)  S  8 


-  0. 46  S_ 


'  (m-l)f. 


+  0,54  S  j  8 

'  e  I  2 
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The  resolution  is  actually  f  /m  even  ihough 
the  spectrum  is  computed  everypf_/2m  cps. 
Finally,  the  area  under  the  curveTS(f)  ia  com¬ 
puted,  0*f«f  /2,  and  multiplied  by  a  factor  of 
2  to  obtain  a  Comparison  between  R(0>  as  com¬ 
puted  earlier,  and  as  computed  from  the  power 
spectrum  estimated. 


An  alternate  method  of  calculating  the  PSD 
is  also  available,  and  gives  results  which  agree 
very  well  with  the  lagged  products  approach 
outlined  above.  This  computation  involves 
evaluating  the  coefficients  of  the  complex 
Fourier  series  of  a  periodio  process,  y(t),  which 
is  identical  to  the  process  x(t)  over  some  finite 
interval,  0  «t*T0.  These  coefficients  have  the 
form 


C 


k" 


N-l 

£  x(nT)e 
n  «  0 


-j^kn  m  ' 


T. 


k«  0,  1,  2,  ....  N-l 


<B9) 


A  computational  algorithm  due  to  Cooley  and 
Tukey*  called  the  Fast  Fourier  Transform  was 
used,  which  reduoes  the  computational  require¬ 
ments  for  evaluating  these  Fourier  coefficients 
enormously. 

A  number  of  samples  were  taken  for 
different  gyro  loop  bandwidthe,  since  the  sensi¬ 
tivity  of  low-frequency  gyro  drift  to  loop  band¬ 
width  might  have  an  important  bearing  on  this 
design  parameter.  Drift  data  was  taken  at  20  ms 
and  0. 25  seo,  yielding  speotral  and  statistical 
data  out  to  20  and  2. 0  Hs,  respectively.  Fig,  B2 


Figure  B2.  Ojr  o  Drift  Below  2  Hs  -  0. 1  Hs 
Loop  Bandwidth 


shows  a  typical  set  of  data  that  was  takent  250 
seconds  (out  of  1250)  sampled  at  0.  25  see  with 
a  0. 1  Hz  loop  bandwidth.  The  scale  faotor  for 
these  tests  was  2. 7  volts/deg/hr. 

The  statistical  and  spectral  results  are 
shown  for  a  0. 1  Hs  loop  bandwidth  gyro  in 
Figs.  B3  to  B8.  Fig.  BS  shows  that  tha  drift 
autocorrelation  time  constant  is  wall  below  0.  l 
seconds.  The  power  spectral  danalty  peaks  in 
the  7  He  range.  The  probability  density  functions 
(actually  histograms)  for  the  20  ms  ana  0. 25  aac 
sampling  rataa  are  also  shown  in  Fig.  B3,  The 
numarloal  values  of  the  standard  deviations  for 
all  this  data  are  given  in  Table  Bl. 


tvMftPTfmtft  WMMrtVMTtt 


Figure  B3.  Autocorrslation  Funotlon,  PSD, 
tnd  Statistics  -  0. 1  Hs  Loop 
Bsndwldth 


Tsble  Bl,  Oyro  Drift  Tost  Summary 
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Ths  upper  left  photograph  In  Fig.  B4  shows 
In  more  detail  the  spectrum  out  to  2. 0  Hz. 
which  was  obtained  with  the  slower  0. 25  sec 
sampling  and  a  2. 0  Hs  filter  cutoff  frequency. 
To  demonstrate  that  no  folding  from  higher 
frequencies  Is  present  In  this  data,  the  spec¬ 
trum  derived  from  the  higher  sampling  rate 
of  20  ms  Is  overlaid  as  a  series  of  dots  on  this 
picture,  showing  very  close  correlation.  The 
envelope  of  the  Fourier  line  spectrum,  obtained 
with  the  Fast  Fourier  Transform,  exhibits  a 
shape  nearly  Identical  to  the  PSD.  The  photo¬ 
graph  on  the  right  shows  an  expanded  picture 
of  the  PSD  out  to  0, 1  Hs.  This  data  Is  quite 
flat  and  well-behaved,  devoid  of  spikes  or 
discontinuities. 


Figure  B4.  PSD  Detail  -  0.  1  Hz  Loop 
Bandwidth 


The  net  result  of  all  this  la  the  plot  of  gyro 
drift  power  (the  Integral  of  the  PSD)  versus 
frequency.  This  data  for  the  0. 1  He  loop  band¬ 
width  gyro  la  shown  In  Fig.  B6.  The  complete 
picture  out  to  26  Hz  is  shown  on  the  left.  The 
discontinuity  at  16. 1  Hz  is  due  to  a  large  spike 
in  the  PSD  due  to  the  natural  resonance  and 
motion  of  the  test  pad  at  this  frequency.  That 
part  of  the  Integral,  therefore.  Is  not  attributable 
gyro  drift  but  to  actual  measured  angular 
motion  at  that  frequency.  The  flattening  of  the 
integral  at  2  b  He  Indicates  that  nearly  all  of  the 
drift  power  is  included  below  this  frequency. 
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Figure  Bb.  Gyro  Drift  Power  -  0. 1  He 
Loop  Bandwidth 


An  expansion  of  the  data  In  the  C  to  2  Hz 
range  is  shown  with  the  0. 25  sec  sampled  data, 
and  the  25  Hz  data  is  overlaid  as  a  dotted  line, 
again  showing  excellent  correlation  and  a  lack 
of  frequency  folding.  A  further  expansion  In  the 
0  to  0. 1  Hz  range  is  also  shown. 

Figures  D6  through  Bll  show  corresponding 
sets  of  data  for  1. 0  and  10, 0  Hz  loop  bandwidth, 
respectively.  The  main  change  In  the  data  is 
that  the  drift  standard  deviation  grows  larger 
with  increasing  loop  bandwidth  as  the  power 
spectral  density  grows  in  the  1-26  Hz  range. 

The  question  of  importance,  though,  la  how 
loop  bandwidth  affects  gyro  drift  performance 
in  the  low  frequency  region.  The  upper  photo¬ 
graph  In  Fig,  B12  shows,  from  top  to  bottom, 
the  power  out  to  2  Hz  for  10,  1,  and  0. 1  Hz  loop 
bandwidth  gyro  loops,  respectively.  There  is 
considerable  difference  at  2  Hz,  but  the  lower 
picture  shows  that  in  the  region  0  to  0.  5  Hz, 
the  PSD  Integrals  are  practically  coincident. 
Therefore,  the  conclusion  has  been  reached  that 
the  loop  bandwidth  can  be  selected  using  criteria 
other  than  system  performance. 

It  is  also  apparent  from  Fig.  B12  that  the 
PSD  Integral  is  very  linear  out  to  0. 26  Hz, 
which  means  that  the  PSD  is  essentially  flat,  or 
'  white"  out  to  this  frequency.  Based  c  i  these 
results,  it  appears  that  the  moat  realistic  mathe¬ 
matical  representation  for  floated  gyros  of  the 
OG334A  class  in  the  low  frequency  range  is  a 
random  process  whose  variance  is  matched  to 
the  actual  gyro  drift  variance  at  the  sample  fre¬ 
quency.  This  is  a  result  that  has  far-reaching 
implications  in  the  design  of  bounded  (e.  g, , 
celestial/inertial)  attitude  reference  systems. 

In  unbounded,  strapped-down  attitude  reference 
systems,  the  critical  gyro  parameter  is  the 
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Figure  B6.  Autocorrelation  Function,  PSD, 
and  Statistics  •  1.  0  Hi  Loop 
Bandwidth 


Figure  B8.  Gyro  Drift  Power  -  1.  0  Ha 
Loop  Bandwidth 


Figure  B7. 


PSD  Detail 
Bandwidth 


1.  0  He  Loop 


absolute,  long-term  drift  rate  stability,  since 
there  Is  no  capability  for  calibration  while  oper¬ 
ating.  This  long-term  stability  may  very  well 
look  like  a  random  walk  or  damped  random  walk 
prooass. 

In  the  design  of  bounded  systems,  this  very 
long-term  stability  assumes  secondary  Impor¬ 
tance  and  the  critical  Item  becomes  the  shorter- 
term  '♦rift.  However,  it  takes  mo  e  than  a 
specification  of  the  amplitude  of  the  short-term 
drift  to  determine  the  effeot  on  system  perfor¬ 
mance  (angular  errors  versus  time).  Of  equal 
Importance  are  the  speotral  cliaracterlstics  of 


Figure  BB.  Autocorrelation  Function,  PSD, 
and  Statistics  •  10  Hs  Loop 
Bandwidth 
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CONCEPTS  AND  MECHANIZATION  FOR  EVALUATING  SPARS  IN  THE  LABORATORY  AND  IN  ORBIT1 


Vladimir  Hvoachinaky  and  Fred  Y.  Horluchl 
Lookheed  Mlaalles  A  Space  Company 
Sunnyvale*  California 


ABSTRACT 

This  paper  deaorlbea  the  ooncapta  and  mechanization  for  evaluating  the 
Spaoe  Proclaim  Attitude  Referenoe  Syatem  (SPARS)  aa  part  of  a  Preolelon 
Earth  Pointing  Syatem  (PEPSY) .  Pertinent  Information  la  Inoluded  oon- 
oernlng  teat  Installations ,  orltloal  apaollloatlona ,  and  error  budget.  Theae 
oonoepta  have  bean  developed  by  Lockheed  and  Honeywell  under  Air  Foroe 
aponeorahip  ovar  the  laat  2-1/2  year  a  In  an  effort  to  improve  the  teohnlquea 
of  attitude  determination  and  preotalon  pointing  from  the  apaoeoraft  to  a 
terreetrlal  target .  Tha  PEPSY  hardware  ayatem  preeently  la  being 
dealgned  and  built.  Within  the  next  year,  oompleta  end-to-end  PEPSY  per¬ 
formance  will  be  evaluated  lr  teat  laboratorlea  at  Lookheed  and  at  Holloman 
Air  Foroe  Baae. 

The  orbital  experiment  with  the  PEPSY,  known  aa  PEPEX,  la  propoaed  aa 
a  followup  phaae  of  tha  preaent  hardware  development  and  evaluation  pro¬ 
gram.  The  propoaed  oonoepta  and  mechanization  for  performing  auoh  an 
experiment  are  praaanted . 


The  Intent  of  thla  paper  la  to  preaent  hlghllghta 
of  oonoepta  and  ldeaa  for  evaluating  an  uxtremely 
aoourate  preoialon  earth  pointing  ayatam  (PEPSY)  in  a 
laboratory  environment  and  In  an  operational  aatelUte 
environment.  The  authora  would  like  to  ahare  with  the 
readera  baalc  difficulties  and  poaclble  solutions  to  the 
problema  generated  by  auoh  a  task  It  la  deetred  to 
preaent  philoaophloally  practical  oonoepta  expoalng 
mostly  the  "happenlnga, "  and  de-emphaalzing  mathe¬ 
matical  proofa  and  apaolallzed  atatlatloal  oomputatlona. 
Suoh  an  approaoh  la  approprlata  alnoe  during  thla  aea- 
alon  aaveral  papera  will  be  preeented  dealing  with 
epeolfloa  of  algorlthma,  design,  and  teatlng  for  dif¬ 
ferent  PEPSY  aubeyeteme  and  outlining  the  baalc  aye- 
tero  ooncept  and  mlealon  applications  (See  Refa.  1, 

2,  3.  i) 

In  order  to  familiarize  the  reader  with  thle  aye- 
tem,  and  to  halp  him  with  tha  acronym*  a  eynopaie  of 
PEPSY  la  presented  in  the  flrat  motion.  Following  the 
eynopele,  the  next  three  eeotlona  will  treat  the  evolu¬ 
tion  of  the  baalo  teat  oonoepta,  tha  mechaniaatlor.  of 
tho  laboratory  teat,  and  tht  propoaed  approaoh  to  the 
orbital  experiment. 


EVOLUTION  OF  PEPSY 

Recognition  of  potential  operational  ua*  tor  tha 
extremely  aoourate  attitude  knowledge  supplied  by 
SPARS  wa*  sufficient  to  motivate  developing  that  tech¬ 
nology.  However,  It  *  aa  aoon  clear  that  to  gain  accept¬ 
ance  for  operational  deployment  of  such  a  system  It 
would  be  neoeaeary  to  prove  its  performance  in  a  near- 
operational  situation.  The  realization  that  the  only 
way  one  oould  accomplish  an  ln-orblt  check  on  the 
accuracy  of  satellite  attitude  determination  suggested 
making  SPARS  an  element  of  a  precision  pointing  sys- 
teip  (PEPSY).  This  In  effect  closed  the  loop  by  using 
tb*  attitude  knowledge  of  SPARS  In  such  a  way  that  any 
defloiency  would  be  reflected  aa  a  (major)  deficiency 
in  ayetem  performance.  Since  one  of  the  major  opera¬ 
tional  use*  proposed  for  SPARS  was  a*  a  component 
of  a  preclwion  pointing  ayatem.  It  wa*.  therefore, 
appropriate  to  synthasla*  n  precision  pointing  experi¬ 
ment  to  test  SPARS,  Aa  this  oonoapt  evolved.  It 
beosme  evident  that  the  mechanization  of  o  preolelon 
pointing  experiment,  particularly  at  on  earth  target, 
waa  a  worthwhile  objective  in  Ita  own  right.  Thu*,  in 
eplte  of  the  faot  that  an  experiment  to  point  at  atare 
for  attitude  Information  only  oould  have  fawer  error 
aouroea  and  thus  allow  potentially  narrower  bound#  on 


1  This  report  was  prepared  under  Air  Force  Contract 


F04701-00-C-01I50  on  215  September  1000. 
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establishing  SPARS  performance,  the  more  complex 

oonospt  of  pointing  at  an  earth  target  was  rstainea  as 
the  primary  PEPSY  test  objective. 

Ideally,  one  would  specify  that  the  test  equipment 
(the  pointing  devloa)  have  on  aocuraoy  an  order  of  mag¬ 
nitude  better  than  the  Item  to  be  evaluated  (SPARS). 

It  seemed  unlikely  that  this  could  be  aohieved  at  a 
reasonable  oost  in  this  cose,  Thus,  for  the  purpose  of 
evaluating  SPARS,  the  PEPSY  experiment  as  oon- 
oelved  presents  the  problem  of  separating  the  errors 
due  to  SPARS  from  those  due  to  the  pointing  device  and 
the  rest  of  PEPSY. 

Thus  concepts  for  PEPSY  testing  with  the  objec¬ 
tive  of  SPARS  evaluation  had  an  impaot  on  the  synthe¬ 
sis  of  PEPSY  itself.  The  result  is  the  system 
described  in  the  following  seotlons. 

ELEMENTS  OF  PEPSY 

The  Precision  Earth- Pointing  System  shown  oon- 
oeptually  In  Fig.  1  oonslsts  of  a  combination  of  four 
major  subsystems  described  briefly  below. 

SPAR8 

The  Speoe  Precision  Attitude  Referenoe  System 
oonslsts  of  three  orthogonally  placed  rate  integrating 
gyros  and  two  star  sensors  mounted  together  In  a  strap- 
down  configuration.  The  gyro  package  provides  contin¬ 
uous  three-axis  wlda-band  attitude  Information,  while 
time  transits  of  known  stars  on  ths  star  sensors  pro¬ 
vide  a  precise  attitude  up-date  at  dlsorete  times.  This 
subsystem,  together  with  a  oomputer,  provides  ex¬ 
tremely  aoourate  real  time  sate  Hite  attitude  knowledge 
in  an  inertial  reference  frame. 

OPP 

The  Optioal  Pointing  Devioe  oonslsts  of  two  main 
elements,  One  Is  a  tslesoope-esttsor  and  the  other  Is 
a  two-axis  glmbal  assembly,  Two  720-pole  7-ln.  read- 
in  Induotosyns  mounted  on  the  pltoh  and  roll  gimbals 
and  used  in  conjunction  with  a  high-gain  olosed-loop 
servo  point  the  telescope  along  a  commanded  Una  of 
light.  Teleaoope  aiming  la  baaed  upor.  Information 
received  from  BPAR8,  OAL.  and  the  ephemertde*  of  the 
the  ground  target  and  spacecraft  Any  misalignment 
between  the  eatolUte-t&rget  line  of  eight  (LOB)  and  the 
Ol’D  LOS  Is  sensed  by  the  telescope-sensor.  ThsOPD 
Is  capable  of  being  commanded  In  both  open-loop  and 
closed-loop  modes. 

OAL 

The  Optical  Alignment  Link  oonaiete  of  optioal 
tronemltter  end  receiver  aesembllee  which  dynamically 
monitor  relative  angular  dleplaoemtnte  between  the 
SPARS  end  OPD  peokegee.  Displacement*  detected  by 
OAL  aro  fed  to  the  oomputer  for  the  generation  of 
pointing  commands  to  the  OPD, 


The  UNIVAC  1D24C  selected  for  the  airborne 
computer  la  a  high-performance,  general-purpose, 
lilnury  machine  which  can  store  up  to  12,288  1 8 -bit 
Instruction  words  In  Its  nondestructive  readoul  memory 
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and  operates  upon  data  contained  In  312  24-blt  words  of 
destructive  readout  memory.  Prime  funotione  of  the 
computer  in  the  PEPSY  application  are: 

•  Perform  attitude  itate  computation!  (SPARS) 

•  Qenerate  pointing  command!  for  OPD 

•  Store  atar  catalog,  calibration  data,  oonatanta, 
and  initial  oondltlona. 

In  aupport  of  the  above,  a  apace-ground  telemetry  link 
eende  Information  to,  and  reoetvea  Information  from, 
the  on-board  computer  and/or  lensora.  Thla  informa¬ 
tion  lnoludei  orbital  parameteri  established  by  ground 
tracking  and  errors  In  pointing  commands. 


In  Its  entirety,  the  PEPSY  system  advance*  the 
stete-of-the-art  in  thee*  fields: 

s  Aoourats  dstarmlnatlon  of  satslllts  attitude  In 
real  time  or  post  flight  (SPARS) 

s  On-orbit  aoourate  evaluation  and  calibration 
Of  SPARS 

e  Aoourate  LOS  pointing  and  knowledge  In  point¬ 
ing  of  a  senior  from  a  vehiole  to  a  ground 
target  in  open  or  olosed-loop  modee  (OPD) 

•  Ephemerle  updating  techniques  (OPD) 

•  Extremely  aoourate,  dyntmlo,  three-axis 
angular  alignment  measuring  devioe  (OAL) 

The  oonospt  Is  good,  but  how  oan  Its  performance 
be  established?  What  accuracies  are  to  be  expeoted 
and  allocated  to  individual  aubayateme?  How  should  the 
test  of  auoh  a  ayatem  be  meohanlzed  and  what  la  the 
error  budgat? 

Clearly,  aocuraoy  la  the  name  of  the  game.  The 
aoouraoy  requirement*  of  the  SPARS  subsystem  dictate 
the  performance  aoouraoy  of  the  other  eubayetema 
whioh  are  to  bo  uaed  for  lta  evaluation  aa  well  as  the 
maximum  permlaalble  error  contribution  of  the  teat 
installation  and  instrumentation.  To  gain  insight  Into 
the  feasibility  of  synthesising  a  praotioal  PEPSY,  rela- 
Uvb  error  budgets  wsro  generated.  These  were  based 
on  t  trade-off  between  desired  performance  for  SPARS 
evaluation  and  the  difficulty  (oost)  of  ths  achieving  a 
preoislon  OPD,  Two  configurations,  romote  and  inte¬ 
gral  (corresponding  to  the  relative  mounting  loostlons 
of  ths  OPD  end  SPARSjwer#  considered.  The  budgets 
for  these  configurations  are  shown  in  Figs.  2  and  3. 

The  eoonoraloe  end  step-by-step  prooess  for  de¬ 
veloping  a  sophisticated  system  such  as  PEPSY  oallfor 
laboratory  testing  to  precede  in-orbit  teste.  Indeed 
successful  laboratory  validation  is  undoubtedly  e  neces¬ 
sary  prerequisite  to  justifying  on  oroltal  test.  Although 
In-orbit  teste  are  usually  more  difficult  than  corroa- 
pondlng  laboratory  teat*,  for  PEPSY  the  tn-orbit  en¬ 
vironment  has  at  least  one  advantage  not  available  In 
the  laboratory ,  but  important  to  precision  evaluation, 
and  that  Is  the  eoouretely  known  absolute  referenoe 
framo  created  by  the  fixed  atarte.  This  bring!  up  the 


Fig.  1  Praolalon  Earth  Pointing  Conoapt 
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Fig.  2  Fractional  Error  for  Main  Subsystems  of  PEP8Y  in  Remote  Configuration 
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Fig.  3  Fractional  Error  for  Main  Subayatama  In  Intagral  Configuration 
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question  of  the  approaoh  to  be  taken  In  the  laboratory. 
Should  one  simulate  whatever  takea  place  in  orbit  and 
thus  compound  the  error  a .  or  should  one  simplify  the 
laboratory  mechanisation  In  order  to  decrease  the 
error  sources  at  the  expense  of  the  faithfulness  of 
simulation? 


To  show  the  correspondence  between  the  labora¬ 
tory  and  orbital  teat  geometry.  Fig.  4,  along  with  the 
pointing  Eqs.  (1)  and  (2),  are  presented. 

Line  of  sight  vector  to  ground  target  In  OPD 

frame 


The  latter  approaoh  haa  been  aeleoted,  Only 
essential  dynamic  and  geometrical  conditions  will  be 
simulated  In  order  to  establish  as  aoourately  as  pos¬ 
sible  the  hardware  performance  in  the  laboratory. 

Figure  1  shows  a  satellite  moving  around  the 
earth  end  otatlng  (pitching)  to  maintain  a  nominally 
constant  u  iltude  relative  to  the  looal  vertloal,  In  thlc 
attitude,  the  OPD  la  pointed  toward  the  ground  target 
and  maintains  ths  required  LOS  during  the  experiment 
pass.  The  target  with  known  earth  coordinates  la 
pointing  at  the  known  satellite  position  and  oontinuas  to 
point  at  It  throughout  the  pass.  The  OPD  Is  command¬ 
ed  to  point  at  the  target  on  ths  basis  of  satellite  attitude 
determined  by  SPARS,  satellite  ephemeria  oomputed 
in  the  aomputer,  ground  target  coordinate^,  and  OAL 
corrections, 
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(ZL)  z, 


Fig.  4  Laboratory  and  Orbital  Qaomatry 


R^,r"  -  Earth  Target  coordinates 


T-,r  «•  transformation  from  earth  to  Inertial 
frame 

For  the  laboratory  end-to-end  testing  of  PEPSY 
hardware,  the  following  essential  elements  related  to 
orbital  conditions  are  lnoludedi 

•  Pointing  line  of  sight  vector  from  OPD  to  the 
ground  target 

e  Pointing  veotor  maximum  line  of  sight  rate 
for  the  lowest  orbit 

e  Star  distribution  In  angle  end  brightness 
factors  representing  nominal  and  worst  case 
orbits 

e  Pitching  and  limit  cyole  motion  of  the 
satellite 

The  elements  encountered  in  orbit  and  contribu¬ 
ting  to  the  system  error  while  testing  in  orbit  but  not 
necessary  for  hardware  evaluation  In  the  laboratory 

are: 

e  Ephemerls  R  (Eq,  2)  computation  obtained 
by  Integrating  the  equations  of  satellite 
motion  or  ephemerls  update  from  the  ground 
station 

e  Earth  target  coordinates  R_  and  earth-to- 
Inertial  transformation  T^j 

The  elements  present  only  the  earth  laboratory 
environment  whose  error  contribution  must  be  mini¬ 
mised  and/or  Identified  are: 

e  Star  field  ins  tab)  Illy  due  to  the  thermal  and 
meohanloal  stresses  In  the  star  simulators 
and  their  mountings 

e  Earth  rotation  which  Is  sensed  by  gyros 

e  Wobble  In  the  rate  tablo  used  to  simulate 
orbital  rate 

e  Vibration  and  drifts  of  seismic  mass  on  whioh 
PEPSY  Is  to  be  mounted 

e  Gravity  which  is  not  present  in  orbital  testing 
but  must  be  accounted  for  during  laboratory 
testing  and  preflight  calibration  of  the  system 
(OPD) 

(Jnc  Important  deviation  from  orbital  geometry 
was  made  for  the  laboratory  teat.  From  Fig,  4,  it 
can  bo  suon  that  "ground  target"  will  be  mounted  with 
SPARS  und  OPD  on  a  rate  table  simulating  orbital  rate, 
Trie,  of  oourso,  is  not  what  will  happen  during  the 
orbital  experiment.  Why  should  one  do  it  in  the  labora¬ 
tory?  A  simplification  can  be  made  in  the  laboratory 
uutup  und  still  uohtovo  u  mcmlngful  ond-to-end  evalua¬ 
tion  of  PEPSY.  Thu  only  Important  requirement  is  to 
simulate  the  pointing  LOS  vootor  T. ,  from  OPD  to  the 
target.  Thus,  tho  target  In  the  laboratory  T,  will 
rotuto  around  point  8.  In  lino  with  the  Intorsflbtlon  of 


the  OPD  gimbal  axis  and  will  describe  the  angle 
whioh  is  Identical  to  the  angle  a  which  OPD  LOS 
veotor  goes  through  during  the  orbital  overpass.  This 
simplification  requires  only  one  precision  rate  table 
and  decreasea  the  number  of  error  sources. 

LABORATORY  TEST  FACILITY 

The  SPARS  eubsystem  will  be  tested  at  Honeywell 
Minneapolis  and  then  ehipped  to  LMSC  Sunnyvale  for 
Integration  with  the  Optical  Pointing  Device  and  other 
major  PEPSY  aubeyatema.  At  LM8C  complete  System 
Acceptance  Teit  (SAT)  will  be  performed.  Final  sys¬ 
tems  evaluation  will  take  plaoe  at  Holloman  Air  Force 
Bate  upon  completion  of  SAT. 

In  order  to  perform  the  SAT.  three  adjacent 
area*  totaling  2S00  aq  ft  are  planned,  (See  Figs.  9. 

6,  and  8). 

a  A  clean  room  for  the  PEPSY  test  setup 

e  An  area  for  PEPSY  control  oonsoles,  instru¬ 
mentation  and  oontrol  funotlons 

e  An  air-flow  bench  area  for  assembly  and  main¬ 
tenance  of  PEPSY  components  and  subsystems 

Clean  Room 

The  clean  room  ts  being  built  to  approximate 
Federal  Standard  20B  for  a  100,000  olaas  installation. 
Foreign  portlole  sUe  will  not  exoeed  10  mlorons  and 
air  lock  paaeages  end  positive  air  pressure  displace¬ 
ment  will  be  incorporated.  Thla  room  will  house  a 
seismic  mass,  upon  which  la  located  the  Ooerz  Preci¬ 
sion  Rate  Table  with  the  PEPSY  teat  apeotmen.  It 
will  be  light  tight  and  painted  a  special  color  to  reduce 
unwanted  light  reflection*.  A  diffused  air  conditioning 
•ystem  will  minimise  air  ourrents  and  thermal  gradi¬ 
ent*  in  the  vicinity  of  the  test  setup, 

The  following  environmental  conditions  will  be 
maintained: 

Temperature  72*F  »  2*F 

Humidity  40%  ±  10%  RH 

A  special  overhead  cable  handling  system  will  be 
installed  for  completing  the  electrical  connections  be¬ 
tween  the  "PEPSY"  setup  on  the  rate  tablo  and  equip¬ 
ment  In  the  control  room  area.  A  servoed  cable  drum 
may  be  used  to  follow  the  tabic  rotation  (plui  and  minus 
2.3  turns),  thoreby  unloading  the  oable  torque  from  the 
rate  tabic. 

A  seiamlo  muse  16- fi.  long  x  15-lt  wide  x  2-ft 
thick  will  be  made  from  reinforced  Claes  E-i  concrete 
and  installed  6  months  prior  to  the  test  on  a  pneumatic 
suspension  system.  Three  main  (unction*  of  this  mass 
are: 

e  Maintain  stability  in  azimuth  am1  lilt  to  within 
0,3  arc-seconds  per  day 

•  Maintain  the  relative  motion  between  tho  test 
equipment  to  loss  than  0.0  seconds  uf  arc 
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t  Provide  isolation  from  external  vibrations  by  a 
pneumatic  support  system  having  attenuation 
characteristics  with  a  slops  corresponding  to  a 
second  order  system  with  a  resonance  at  3  Hi . 

A  modified  Goetz  Model  500  air-bearing  rate 
table  will  be  Installed  on  the  seismic  mass  and  used  to 
provide  a  rotational  motion  to  the  entire  PEPSY  speci¬ 
men.  It  will  supply  aocurate  (pltoh)  position  readout 
during  pretest  calibrations  and  test.  The  table  will  be 
operated  primarily  in  the  rate  mode  using  the  synchron¬ 
ous  drive  system  and  will  have  a  readout  position 
accuracy  of  lees  than  0.4  arc  second*  RMS,  and  a  resol¬ 
ution  ofo.  36  sec.  The  nominal  angular  veloolty  during 
the  test  will  be  4  degrees  per  minute.  Peak-to-psak 
table  wobble  of  the  unmodified  model  waa  measured  to 
bo  lees  than  0.6  aeo  of  ara 

Also  mounted  on  the  eelemio  mass  are  eight  to 
fourteen  star  simulators  pieced  m  a  random  pattern 
around  the  rotary  table  to  simulate  a  ''statistically  nom¬ 
inal"  star  field.  Star  simulators  are  6  lnohea  In  diame¬ 


ter  and  36  Inches  long.  In  the  simulator,  light  from  a 
tungsten  filament  bulb  la  passed  through  two  filters, 
focused  on  a  pinhole,  end  collimated  by  an  achromatic 
objective.  By  Inserting  different  neutral  density  filters, 
■tars  from  +1 . 0  to  +6.0  visual  magnitude  oan  be  simu¬ 
lated.  Insertion  of  oolor  oorreotlon  filters  permits 
stars  of  the  A0,  QS,  M6  speotral  olaeees  to  be  simula¬ 
ted  .  Star  Imago  alas  la  emaller  than  5  aro  aeoonde 
while  uniformity  le  better  than  a  0.2  magnitude*. 


Figure  7  shows  star  distribution  for  the  seleoted 
orbit.  Stars  A  and  B  are  uted  for  the  calibration  of  the 
OPD  axle  and  yaw  misalignment.  Each  simulator  will 
be  mounted  on  a  pier  and  enclosed  by  a  protective  oage 
to  prevent  aootdental  contact  and  misalignment.  The 
pier-simulator  spatial  stability  will  be  better  than  1  aro 
seoond  for  a  12-hour  period.  The  star  field  will  be 
calibrated  before  and  after  eaoh  run  by  the  OPO  and  the 
rate  table.  A  provision  In  the  star  simulator  mount 
will  be  made  to  allow  adjustment  of  the  elevation  angle 
by  *2  degrees  from  the  nominal  "orbit  plane." 


IMMUVAIK  TIOUOH  COVET 
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Fig.  6  Test  Faolllty  Floor  Plan 
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Fig.  6  PEP8Y  T#»t  Facility  P»r«p«otlv*,  LMSC,  Bunnyval* 


Fig,  7  Distribution  of  Star  Simulators 
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PEPBY  Control  Arts 

The  PEPSY  oontrol  arcs,  shown  In  Fig.  8,  will 
b*  located  Iromadlatsly  adjaoent  to  ths  olsan  room  and 
will  houss  ths  consoles  and  raoks  of  equipment  asso¬ 
ciated  wltht 

s  Power  and  controls  tor  PEPSY  operation 

a  Power  and  oontrols  tor  the  Qoerz  Rate  Table 

e  AOE  for  the  Unlvac  1834C  ooraputer 

e  Teat  data  acquisition  and  qutok-look  displays 

e  Supplementary  computer  support  for  target 
commands,  calibration,  SPARS  oheokout,  and 
data  formatting 

Laboratory  Test  (SAT.  LABEX)  Mechanization 

Ths  following  typloal  mission  opsratlng  optical 
and  dynamic  conditions  will  be  slmulatsdi 

e  Nominal  orbital  rate 

e  Random  swath  of  "stars'  varying  In  oolor, 
magnitude,  azimuth,  and  elevation 


e  Dynamlo  structural  flexures  ooourrlng  be¬ 
tween  SPARS  and  OPD  when  mounted  In  the 
"remote"  configuration 

e  A  cooperative  "ground  target"  with  known 
coordinates 

e  Pointing  of  OPD  toward  "ground  target" 

e  Limit  oyole  motion  of  a  satellite 

The  PEPBY  test  spoolmen,  consisting  of  SPARS, 
the  OPD,  the  OAL,  Airborne  Computer,  and  Interface 
and  Timing  Unit, will  be  assembled  on  the  precision 
rate  table  as  shown  In  Fig.  8.  The  Qoerz  table  will 
simulate  orbital  motion  by  turning  at  a  rate  of  four 
degrses  per  minute,  oauslng  the  SPARS  star  sensor 
to  sweep  by  the  stars. 

Prior  to  the  actual  tsst,  all  equipment  will  be 
allowed  to  stabilize  in  a  state  of  readiness  for  several 
hours .  No  personnel  will  be  permitted  in  the  clean 
room  and  final  calibration  will  be  performed  automa¬ 
tically  .  This  procedure  will  not  only  save  time  but 
will  also  deoreaee  the  long-term  drift  of  the  test 
equipment  due  to  temperature  ohange. 
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CONTROL  AREA 

HJ  INCREMENTAL  TAPE  RECORDER 
[J]  STRIP  CHART  RECORDER 
(H  PEPSY  CONTROL  CONSOLE 
(2  PEPSY  CONTROL  RACK 
QQ  OOERZ  TABLE  CONTROLS  (3  BAYS) 
G]  ULTRA  CONSOLE  (OPD) 

(2  1824  C  AGE  (3  BAYS) 


Fig,  8  PEPSY  Control  Area 
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Most  interesting  automatic  calibrations  u"o: 

*  SPARS  "ante  cal"  procedure  determines  the 
orientation  in  laboratory  coordinates  of  the 
twelve-star  sensor  deteotor  silt  normal 
vectors . 

•  S  TAR  distribution  is  determined  with  the  OPD 
In  elevation  and  with  the  OPD  plus  rate  table 
position  readout  In  aeimuth . 

e  Cal'bratlon  of  OPD  outer  glmbal  axis  and  yaw 
misalignment  with  the  two  additional  iitar 
Simulators  "A"  and  "B"  shown  In  Fig.  7. 


—  TA 

L._,  a  vector  from  the  OPD  q.mlial  |>oint  to 

the  target  in  target  coordinates. 

T|2K  *  transformation  matrices  from  j 
to  k  coordinate  frame, 

0  «  OPD; 

S  >•  SPAPS 

L  *  laboratory 

TAB  •  table 


All  calibration  data  ts  computed  and  stored  In  the 
"airborne"  computer  as  well  aa  in  a  laboratory  compu¬ 
ter. 

All  data  to  be  recorded  will  be  fed  first  to  the 
laboratory  computer  f-m  conditioning.  For 
quick-look  analysis  the  lab  computer  will  calculate  the 
Euler  angles  at  each  star  transit  and  subtraot  It  from 
the  rate  table  position  This  Information  will  provide 
a  real  time  indication  uf  the  duferenot  between  the 
SPARS  and  the  rate  table  readouts 

The  ground  target  simulator  consists  of  a 
Cassegrain. an  optics!  collimating  source  with  or.  image 
size  of  3  arc  seconds  and  a  single  glmbal  structure  with 
an  Inductosyn  readout  accurate  to  1.  6  arc  sec  and 
repeatable  to  0.  i  arc  seconds.  The  terget  axis  of  rota¬ 
tion  will  be  vertical  and  will  pass  through  the  intersec¬ 
tion  o'  t^e  OPD  axes. 

Motion  of  the  target  will  be  programmed  by  the 
lau  computer.  It  will  be  completely  indepen¬ 
dent  of  the  PEPSY  system  and  will  be  similar  to  the 
Une-cl-sight-motlon  Sj  in  the  orbital  case  (see  Fig  4). 


TA  -  ground  target 


It  oan  be  seen  from  Fqa.  (4),  (51,  and  (6)  that 
OPD  la  pointed  at  a  known  target  ( £££)  by  using  a 
SPARS  generated  direction  cosine  matrix  ( T,  9R),  and 
the  OAL  data  rg20 . 

A  speolal  meohantsm  will  be  used  to  Introduce 
dynamlo  disturbances  between  the  braes  of  SPARS  and 
OPD  thereby  simulating  vehlole  flexure.  At  this  point, 
It  la  Interesting  to  observe  the  similarity  between  LOS 
pointing  vector  equation*  written  for  orbital  and  labor¬ 
atory  oases  In  the  OPD  frame.  One  la  Eq.  (1)  previous 
ly  Indicated  and  second  la  Eq.  (5)  written  In  slightly 
different  form  to  underline  the  similarity. 


(1) 

(5) 


Two-axis  operation  of  tho  OPD  will  be  accom¬ 
plished  by  mounting  the  OPD  pitch  axle  30  degrees 
from  vertical  and  maintaining  the  target  In  the  horizon¬ 
tal  nlane  The  OPD  can  operate  In  the  open-loop  or 
closed-loop  modes.  The  airborne  computer  generates 
outer  and  Inner  gltnbal  pointing  commands  by  converting 
the  pointing  vector  L°  (Eq.  5) 


The  OPD  will  bo  commanded  by  the  "airborne" 
computer  to  point  at  and  follow  the  gtound  target  at  a 
llne-of-elght  rate  typical  of  that  encountered  In  orbit. 
The  pointing  vector  In  OPD  coordinate  is  given  by 
Eq  (5)  bolow. 


Open  loop: 


(81 


(?) 
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In  order  to  obtain  a  larger  sample  of  mutually 
independent  data  points,  the  OPD  and  target  will  be 
exercised  several  times  per  table  revolution,  a  situa¬ 
tion  corresponding  to  passing  over  several  ground  tar¬ 
gets  per  orbit.  This  Is  a  technique  for  minimising  the 
time  for  data  accumulation.  The  STAR  distribution 
pattern  In  azimuth  will  he  changed  from  orbit  to  orbit  to 
minimize  eyetematlo  errors  In  tabls  periodicity  exper¬ 
ienced  In  earlier  testing.  Data  sooumulated  during  the 
test  will  be  processed  statistically  to  ascertain  SPARS 
and  PEPSY  performance  aoouraey. 

The  major  error  eouroee  for  the  PEPSY  teat  are 
grouped  in  Fig.  10  aooordi-  g  to  whether  they  are  attri¬ 
butable  to  the  system  or  the  laboratory. 
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SPARS  LINK 

Fig.  10  Combined  System  Error  Budget 
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Closed  loop: 


=  Tan  1 


-  Tan1  I  ~L*—  i  + 


Where  AX  and  AY  are  the  OPD  telescope  outputs 
fed  back  to  the  "airborne"  computer.  In  the  closed- 
loop  mode,  the  measured  OPD-target  error  is  used  to 
track  the  target . 


End-to-end  PEPSY  perfoimance  can  be  summar¬ 
ized  by  specifying  the  three  quantities  defined  below: 


•  Pointing  Error.  The  angular  deviation  of  the 
OPD  Telescope-Sensor  (T-S)  optical  axis  from 
the  line  of  sigh:  to  the  target.  The  pointing 
error  Is  Indicated  directly  by  the  T-S  output 
Typically  this  must  be  knpt  smaller  than  the 
T-S  field  of  view 

e  Pointing  Knowledge.  The  ability  o  compute 
the  line  of  sight  to  the  target  from  post-test 
data  analysts.  The  pointing  knowledge  Is 
derived  from  knowledge  of  the  pointing  error, 
the  OPD  servo  error  (lnductosyn  signal),  and 
the  commanded  OPD  gimbal  angle. 


ORBITAL  TEST  (PFPF.X)  MECHANIZATION 


The  orbital  evaluation  of  the  SPARS,  Integrated 
with  an  optical  pointing  device,  will  be  Implemented  In 
the  Preclilon  Earth- Pointing  Experiment  (PEPEX). 
The  primary  objeotlve  of  the  PEPEX  Is  to  obtain  the 
necessary  quality  and  ouantity  of  those  measurements 
from  which  statistically  meaningful  data  on  the  SPARS 
performance  may  be  derived  In  a  poet-flight  analysis. 
The  experiment  requires  five  major  elements-  The 
PEPSY  mounted  on  a  satellite;  a  cooperative  ground 
laser  target;  a  satellite  ground  communication  link;  a 
multi-station  satellite  tracking  network;  and  auxiliary 
tracking  systems. 


e  Error  In  Pointing  Knowledge.  The  angular 
deviation  of  the  computed  line  of  sight  to  the 
target  from  the  actual  line  of  sight  to  the 
target.  The  actual  line  of  tight  to  the  target 
is  derived  from  a  combination  of  the  com¬ 
manded  target  angle  and  the  target  servo  error. 
It  is  assumed  thet  the  error  In  pointing  know¬ 
ledge  obtained  during  a  Isrpe  number  of  teats 
will  be  normally  distributed 


For  PEPEX.  the  3PARS/OPD  combination  will 
be  mounted  on  an  attitude-controlled  satellite  which  Is 
nominally  or'enttd  in  the  local  horizontal  plane  as  it 
traverses  Its  orbital  path  about  the  earth.  The  result¬ 
ing  pitching  motion  ot  tho  satellite  with  respest  to 
inertial  space  provides  the  motion  enabling  the  SPARS 
star  seniors  to  sweep  the  celestial  sphere  and  en¬ 
counter  the  star  transits  with  which  It  will  establish 
the  orientation  of  the  Inertial  coordinate  frame. 
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Typically,  the  PEPEX  •  111  be  conducted  in  the 
following  manner:  After  the  satellite  Is  Injected  into 
orbit  and  sufficient  time  is  allowed  for  vehicle  outgae- 
slng  to  be  completed,  aoourate  orbit  determination  will 
begin  using  tracking  data  from  tW  Air  Forpe  Satellite 
Control  facility  (8CF)  System.  After  the  last  tracking 
paea  prior  to  PEPEX  operation,  the  beat  orbit  fit  la 
made  by  the  SC F  and  an  ephemerls  la  generated  and 
extrapolated  through  the  experiment  pass  ■  A  state 
veotor  from  this  ephemert*  la  transmitted  to  tha  satsl- 
lite  to  ba  used  as  a  set  of  initial  oonditlona  from  whloh 
the  fllght  oomputezwoulc*.  generate  on  cphemerls 
through  tha  target  peas.  The  flight,  ooaputer,  utilising 
thla  on-board  spheaerla,  vahlole  attitude  data  from 
. SPARS,  vahlole  flexure  data. from, the  OAL,  and  tlui 
stored -target  location,  will  then  determine  tUi  oom- 
manda  required  to  point  the  OPD  Ttlesoope-Sanior  '. 

(T-S)  at  tbs  cooperative  ground  target  and  to  maintain 
that  target  In,  the  T-S  field  of  view  (FOV). 

The  ground  target  will  be  a  hlgh-intanilty  light 
source  generated  by  a  oontinuoue-wave  gaa  laaer.  Thla 
leaer  operating  In  the  T£Moo  mode  provides  an  output 
beam  with  a  Osusslan  croea-seotlonal  Intensity  funotion. 
The  beam  dlvergouoe  la  eatabllthad  In  scoh  a  way  that 
for  the  2-elgma  poorest  beam-pointing  aoouraoy  and  a 
2 -sigma  worst  eatelltte-poeUlon  prediction,  the  beam 
will  illuminate  the  PEPEX  satellite  at  one-half  the 
maximum  laier  output  power . 

The  baseline  oandldate  for  the  laser  Is  a 
stabilized  8-w  argon  ion  unit.  This  laaer  features 
a  lightweight  head  (80  lb)  and  a  compact  power  sup¬ 
ply  7260  lb).  At  the  SI 40  A  line,  chosen  for  it* 
similarity  to  starlight,  the  laser  has  a  guaranteed 
power  output  of  2. 8  w  after  1  year  of  contlnuoua 
operation. 

For  a  laier  beam  divergence  of  *650  aro  seo  st 
the  half-power  points ,  and  an  atmospheric  transmission 
oomputed  at  a  look  angle  of  30  deg  up  from  the  horizon , 
the  laser  power  density  le  several  orders  of  magnitude 
greater  than  that  from  a  seoond -magnitude  star.  For 
example,  at  a  700-nm  range,  later  power  density  le 
6  x  10’®  win3,  whereaa  the  power  density  from  a 
typloal  aeoond-magnltude  star  la  5  x  10“™win3  , 

8lnoe  the  teleaoope-stnaor  of  the  OPD  la  designed 
to  "eee"  a  seoond-magnltude  star,  this  design  allows 
’  seeing"  the  laser  under  lean  favorable  conditions  than 
assumed  above.  Daylight  deteotion  of  the  laser  against 
a  sunlit  earth  la  possible  beoause  of  the  monochroma¬ 
tic  nature  of  tbe  laser  and  tbs  narrow  Instantaneous 
field  of  view  of  the  tele  *  cope-sensor .  A  spectral 
filter,  a  few  angstroms  wide  at  S14C  A,  eliminates 
most  of  the  reflected  solar  speotrum.  For  the  no - 
oloud  atmoapherlo  oonditlona  specified ,  the  signal -to- 
nolse  ratio  whan  observing  the  laaer  against  the  sunlit 
earth  la  greater  than  80  to  1. 

To  enable  the  T-S  to  reoelve  the  laser  signal , 
the  highly  directional  laser  beam  must  be  preolesly 
pointed  suoh  that  tha  satellite  is  illuminated  throughout 
the  pass  over  the  target  station .  These  pointing  com¬ 
mands  will  be  generated  open-loop  in  ground  computers 
utilizing  the  best  ourrent  satellite  epbemarls .  Open- 
loop  beam  pointing  demands  a  very  aoourate  gtmbel- 
alignment  and  drive  system  ■  Thla  aoouraoy  minimizes 
compounding  at  errors  already  present  as  a  funotion  of 
beam  divergence  and  satellite  position  uncertainty . 


Present  beam  divergence  will  acoorr.modate  the  two- 
stgma,  wcrst-caoe  ephemorls  errors  and  allow  a 
reasonable  beam -pointing  accuracy.  In  spite  of  this, 

open-loop  pointing  le  preferable  to  olosed-loop  beoause 
neither  an  onboard  retro-nfieotor  nor  a  ground 
receiver  unit  with  Its  supporting  equipment  la  neces¬ 
sary,  Beam  pointing  will  be  accomplished  in  opon-loop 
by  driving  a  two-axis  glm baled  mirror  that  deflects 
the  light  beam  emanating  from  a  laaer  transmitter 
fixed  to  a  stationary  base.  Conetderlng  the  required 
aoouraoy  ,  pointing  a  small  mirror  Is  simpler  than 
pointing  the  whole  laser. 

During  tha  experiment  paaa,  precision  satellite 
tracking  data  will  be  gathered  by  means  of  a  ballistic 
our  era  looated,  with  the  laser  target  (at  Edwards  AFB) , 
and/or  a  complex  of  four  gaodetlo  SECOR  ground  sta¬ 
tions  (Fig.  11).  These  data  will  provide  the  hlgh- 
praoteiem  satellite  aphamerla  neoeaaary  is  the  poat- 
fllght  analysis  to  determine  the  portion  of  the  target- 
image  error  contributed  by  lnaaouraolea  In  the  real 
time  onboard  ephemerla. 

The  ballistic  camera,  with  a  pre-pass  fixed 
setting,  has  the  dealt  able  feature  of  providing  a  direct 
orientation  measurement  of  the  OPD  LOS  In  Inertial 
spaoa.  It  will  photograph  the  vehlole  In  earth  orbit 
against  a  star  rtferenoe  baokgrnund.  The  vehlole  will 
be  equipped  with  a  flashing  Xanon  light  for  looatlng 
purposes.  Howsvsr ,  this  approach  Is  limited  In  data- 
gatherlng  opportunity  to  a  short  segment  of  eaoh  night 
overpale  and  la  subject  to  data  loaa  due  to  oloud  oover . 
The  magnitude  of  oelestlal  segment  observed  U  depen¬ 
dent  upon  the  field  of  view  (FOV)  of  the  oamera. 

Tha  versolty  of  any  experimental  result  in¬ 
creases  with  the  quantity  of  the  experimental  data  In¬ 
jected  into  the  analysis.  For  this  reason,  the  SECOR 
oomplex  would  offer  an  advantage  since  additional  ex¬ 
perimental  data  oould  be  gathered  on  uoy  flight.  The 
■yatem  will  traok  a  transponder-equipped  satellite 
over  the  full  span  (elevation  angles  greater  than  15  dog) 
of  any  day  or  night  overpasa  without  regard  to  the  extent 
of  oloud  cover  over  any  or  all  stations.  An  additional 
advantage  of  SECOR  is  lta  capability  to  provide  a  real¬ 
time  epht*  rerle  update.  An  update  is  required  for  open- 
loop  OPD  pointing  to  be  aooompllshed  without  a  lose  of 
the  target  from  the  OPD  field  of  view.  The  possible 
magnitude  of  the  errors  in  the  SC F  extrapolated  sphe- 
merli  would  not  preclude  target  acquisition  due  to  the 
wide  T-S  acquisition  FOV  but  oould  oause  the  target  to 
drift  out  of  a  high -aoouraoy  narrow  T-S  steady-state 
FOV.  Slnoe  loss  of  target  cannot  be  compensated  post 
flight,  an  improved  ephemerle  must  be  provided  to  the 
on-board  computer. 

A  drawbaok  to  tbe  SECOR  system  le  that  the 
satellite  spliemerls  Is  dstermtned  relative  to  the  earth- 
fixed  rtferenoe  of  the  SECOR  ground  complex.  The 
transformation  to  an  insrtlal  referenoe  produces  srrors 
due  to  ibe  uncertainty  tn  (he  precise  location  of  the 
ground  complex.  This  error  oan  be  removed  by  adjust¬ 
ing  ths  sphernsris  to  Incorporate  the  dlreot  inertial 
orientation  measurement  of  the  relative  vehlole  position 
veotor  aoquired  by  the  ballistto  oamera. 

Tbe  8paoe-Oround  Link  System  (SOLS)  station  at 
Vandenberg  AFB  will  serve  ts  tbe  real-time  telemetry , 
command ,  and  experiment  direotlon  link  between  the 
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ground  control  center  and  the  vehicle.  All  PEPEX  Contributors  to  Pointing  Error 

telemetry  data  will  be  transmitted  to  ground  stations 

via  the  SGL8  on  a  real-time  oasis  during  PEPEX  oper-  Open-loop  pointing  commands  to  the  OPD  are 

atlon  or  tape  reoorded  for  latar  readout.  These  data  generated  In  the  flight  computer  utilising  data  from  the 

Include  the  time  variation  of  the  target  Image  error  SPARS  and  OAL  eubeyeteme,  itored  Information  oon- 

and  all  lrpute  and  output!  to  the  on-board  oomputer  earning  geodetic  location  of  the  ground  target,  and  the 

which  are  neoeeiai'y  for  the  poet-flight  evaluation  of  eateUlte  ephemerle  at  determined  onboard  In  real 

PE PSY  performance.  time.  The  pltoh  (a)  and  roll  ifi)  commande  to  the 

Inner  and  outer  glmbale  reapeotlvely  were  defined 

After  an  experiment  pate  Is  completed ,  a  new  In  Eqe .  (8)  and  (9)  In  terma  of  component*  of  the 

ephemerle  la  generated  In  the  ground  computer  center  relative  position  vector  between  the  satellite  and 

and  extrapolated  to  the  next  experiment  pan.  At  the  the  ground  target  which  was  defined  In  Eqe.  (1) 

ooncluelou  of  the  flight,  all  aooumulated  telemetry  and  and  (2). 

tracking  data  will  be  utilised  In  the  pott-flight  analysis 
to  establish  the  accuraoy  of  pointing  knowledge  aohleved 
by  PE  PSY’. 


The  accuracy  of  the  pointing  commande  must  be 
such  that  the  target  remains  within  the  narrow  (high 
accuracy)  field  of  view  of  the  OPDteleacope-eenaor 
throughout  the  experiment  pass.  The  extent  to  which 
the  pointing  acourioy  Is  achieved  will  be  determined 
by  the  aocuracy  with  which  the  onboard  system  a  can 
determine  Tub.  ?S20,  compute  the  pointing  oommande, 
end  exeoute  thorn.  The  Tjgl  would  be  updated  once  a 
day  to  reduce  preoesalon  ana  mutation  errors.  The 
elements  not  wholly  within  the  control  of  the  system 
hardware  are  the  scour acy  of  the  target  location  and 
the  satellite  epheroerls.  Target  location  error  is  de¬ 
pendent  upon  geodetlo  survey  acouraoles  and  can  be  in 
exoess  of  100  feet.  The  satellite  ephemerls  carried  or 
computed  oh  board  would  be  the  most  significant  con¬ 
tributor  to  an  experiment  pointing  error.  The  neoee- 
sary  ephemerls  aoouracy  Is  a  function  of  orbit  altitude 
and  the  nominal  offset  angles  from  the  looal  vertical. 

On-Board  Ephemerls  Computation 

The  onboard  ephemerls  is  oomputed  over  a  given 
time  interval  using  initial-conditions  input  reoeived 
from  the  ground.  Two  error  souroes  come  Into  play. 

The  error  In  the  Initial  conditions  and  the  error  in  the 
oomputed  ephemerls.  The  former  Is  a  function  of  the 
ground  traoklng  network ,  the  tracking  a  overage ,  the 
atmospherio  end  gravitational  model  errors,  and  the 
extent  to  whioh  the  fitted  epheraerle  mutt  be  extrapolt- 
ted  forward  from  the  last  tracking  pass.  The  Utter  Is 
e  funotlon  of  the  method  of  computation.  Thla  oan  be 
aoaompliahed  by  the  oloeed  form  or  numerloal  Integra¬ 
tion  of  the  equation  a  of  motion.  The  selected  method 
and  degree  of  complexity  of  the  equations  of  motion  to 
be  used  was  ohoeen  on  the  baele  of  position  toouraoy , 
computation  time ,  and  oomputer  capacity  requirements 
for  the  range  of  orbit  altitudes  and  overpast  time  spans 
of  Interest.  The  time  history  of  position  ucouraotes 
for  a  200 -nm  orbit  utilising  the  numerloal  Integration 
of  simplified  equations  of  motion  wee  examined.  Soe 
Fig.  12.  I(  was  found  that  at  the  end  of  a  5-minute 
evorpase  the  retention  of  only  the  Jj  tonal  harmonlo 
of  the  gravitational  potential  (Eq.  )2)  will  result  in  a 
position  20  feet  from  that  dotermlned  when  utilising  the 
Jo  and  Jj  annals  ae  well  aa  the  tesseral  harmonics, 

Co 2  and  Bgj  •  representing  the  elllptlolty  of  the  equator . 
Air  drag  was  found  to  make  a  smaller  contribution  to 
the  poaltlon  error  than  those  attributed  to  the  teieeral 
harmonloa  and  waa  thus  dropped  from  the  equations  of 
motion.  Thla  difference  la  more  pronounced  for  higher 
orbit  altitudes. 

SBjUMtli  with  fltaanfl  maUM 

Network 

The  uncertainty  In  the  on-board  ephemerls ,  how¬ 
ever  ,  can  never  be  less  than  that  of  the  initial  condi¬ 
tions  transmitted  to  the  flight  oomputer  from  the  ground. 
Theae  initial  conditions  are  derived  from  the  beet  real- 
time  prediction  of  the  satellite  epheraerle  by  a  ground 
oomputer  oenter  fitting  the  orbital  equations  of  motion 
to  observed  data  from  e  network  of  widely  dispersed 
traoklng  stations.  Thla  real-time  epheraerle  Is  up¬ 
dated  with  eeoh  suooeedlng  pass  of  traoklng  data.  The 
boat  fit  )ust  prior  to  an  experiment  pais  will  be  extra¬ 
polated  forward  to  a  point  Just  preceding  predicted 
target  eoquleltlon.  These  Initial  conditions  ere  then 
transmitted  to  the  satellite.  The  aoouraoy  of  thii  pre¬ 
diction  la  dependent  upon  the  oharaoterletloi  of  the 


traoklng  network  being  used,  the  quality,  quantity,  and 
distribution  of  the  tracking  data,  and  the  accuracy  of 
the  mathematical  gravitational  and  atmospheric  density 
modela . 


The  traoklng  data  error*  oonslit  of  random  errors 
and  data  blase*  peculiar  to  the  equipment  of  the  tracking 
network  being  used .  In  addition ,  the  traoklng  station 
locations  and  station  times  oan  also  be  In  error.  The 
traoklng  network  to  be  used  oonelati  of  the  AFSCF 
SOLS  stations  and  the  Satellite  Test  Center  (STC)  oom¬ 
puter  facility  in  Sunnyvale.  Errors  in  the  gravitational 
model  Inolude  the  tnaoouraolss  m  the  const  ana  teeaer&l 
ooeffloiente  end  the  earth's  gravitational  oonstant.  The 
atmospherio  density  model  errors  of  Interest  during  the 
fitting  and  extrapolation  lntervils  are  those  due  to  the 
uncertainties  In  the  contribution  of  aotual  geomagnetic 
activity  to  the  ehort  period  density  fluctuations.  These 


Where:  k,  y,  r  ■  inertial  poaltlon  cmnponi'n'a 


H  •  Ki'uvltAUonol  conatuni 

*  -  luM>?  y  10  0  •  tonoJ  harmonic 
II  -  «  y*  ♦  i* 

Fig.  12  The  Integration  of  the  Equations  of  Motion 
Omitting  all  but  the  Ja  zonal  harmonlo  term  of  the 

Cravttationel  Potential  Results  In  Approximately  a  20- Ft 
Position  Error  After  a  5-Mln  Integration  Period 
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uncertainties  arc  tunctione  of  the  assumed  variations 
In  the  hall-duy  averages  of  the  geomagnetic  Index  Kp  . 
Representative  density  variations  are  used  simulating; 
minimum,  moderate,  and  iqjense  levels  of  geomagnetic 
heating  based  on  observed  Kp  data  correlated  with  ob¬ 
served  density  fluctuations, 

A  comprehensive  analysis  of  the  aoouracy  of 
ephemerls  determination  and  extrapolation  can  be  made 
only  when  the  speolfios  of  the  available  tracking  net¬ 
work  are  known.  However ,  for  Insight  Into  the  prob¬ 
lem  .  the  aoouraoles  obtained  utilising  the  AFSCF 
network  for  a  hypothetical  800-nm  altitude  orbit  were 
examined.  These  results  represent  ths  maximum  ln- 
traok  position  uncertainties  assuming  the  availability 
of  11  passes  of  radar  data  over  an  Interval  of  16  hours. 
These  data  were  processed  In  a  weighted  least-squares 
fit  of  all  data  at  a  rate  of  one  point  every  IS  teo  and 
extrapolated  forward  for  a  maximum  of  9  revolutions. 
The  fitting  parameters  consist  of  ths  slx-orblt  ele¬ 
ments  and  the  vehlole  ballistic  parameter. 

Although  for  the  case  of  maximum  T?p  activity 
position  uncertainties  In  the  Initial  portion  of  ths  fitting 
Interval  were  on  the  order  of  several  miles ,  the  fit  for 
the  200-nm  circular  orbit  converged  after  S  hours  of 
data  to  a  constant  ln-traok  position  uncertainty .  This 
situation  continues  until  the  cessation  of  traoklng. 
Extrapolation  of  the  fitted  orbital  elements  results  in 
the  predicted  maximum  R88  ln-traok  position  uncertain¬ 
ties  growing  by  a  factor  of  four  after  five  revolutions, 
The  state  of  the  art  of  ephemerls  determination  has 
progressed  to  the  point  where  the  errors  in  the  extra¬ 
polation  of  an  orbital  fit  for  five  revolutions  under  the 
worst  conditions  will  not  Impose  excessive  require¬ 
ments  on  minimising  the  divergence  of  the  target  laser 
beam  to  ensure  acquisition  of  the  target.  The  air  drag 
Uncertainties  are  the  dominant  error  source.  Far  low 
Kp  activity  periods ,  the  station  location  and  gravity 
model  uncertainties  are  the  major  error  souroes  tor 
the  extrapolation.  Random  data  errors  and  data  biases 
have  small  effects  oompared  to  other  souroes.  There¬ 
fore.  the  use  of  more  aoaurats  traoklng  data  at  the 
SOLS  station  locations  will  not  notioeably  affect  the 
acouracy  of  the  predicted  ephemerls.  Improvements 
In  the  air  drag  model,  ground  station  survey,  and 
gravity  model  are  neoessary  to  significantly  reduoe 
the  ephemerls  prediction  error.  The  domination  of 
the  extrapolation  by  the  air  drag  model  errors  In  high 
magnetic  heating  periods  leads  to  Increasing  ephemerls 
uncertainties  at  lower  PEPEX  orbit  altitudes.  This 
occurs  due  to  the  higher  densities  at  the  lower 
altitudes. 


Real-Time  Ephemerls  Update 

The  wide  FOV  Incorporated  In  the  OPD/T-S  and 
the  narrow  width  of  the  ground  laser  beam  have  been 
specified  eo  that  errore  In  the  extrapolation  of  ths  pre- 
dlotod  satellite  ephemerls  under  worst  stmosphsrlo 
conditions  and  ths  lowest  anticipated  orbit  altitudes  will 
not  preoludt  ths  aoquisitlon  of  the  target  by  the  T-fl, 
However ,  the  gathering  of  aooeptable  test  data  requires 
that  ths  target  be  maintained  In  the  hlgh-aoouraoy 
narrow  FOV  of  the  T-B.  While  a  Urge  Initial  pointing 
angle  error  can  be  removed  by  a  compensating  glmbal 
bUs.  the  oausal  large  ephemerls  error  will  soon  move 
the  target  Image  out  of  the  narrow  FOV .  In  order  to 


preclude  this  possibility,  a  gross  ephemerls  correction 
will  be  determined  In  the  ground  computers  by  perform¬ 
ing  a  least  squares  fit  on  the  T-S  detector  data  over 
a  short  time  span  assuming  that  the  total  pointing  error 
Is  due  to  satellite  ln-traok  position  error .  Fitting  only 
to  a  correction  In  the  ln-traok  position  permits  the 
rapid  calculation  and  transmittal  of  the  correction  to 
the  flight  oomputer .  The  ephemerls  correction  also 
might  bt  aooomplished  utilising  the  SECOR  data. 

The  OPD  pointing  angle  error  data  recorded  and 
telemetered  to  the  ground  station  during  ths  flight  will 
be  processed  In  the  post-flight  analysts  to  establish  the 
uncertainty  In  PEPSY  pointing  knowledge.  The  evalua¬ 
tion  will  be  performed  by  an  error-eeptratlon  method 
utilising  a  least  squares  fitting  teohnlque.  The  basic 
premise  In  this  method  Is  that  pointing  angle  errors 
ooouring  due  to  errors  In  ths  vehicle  and  PEPSY  stats 
vectors  propagate  In  time  in  distinctive  ways.  In  con¬ 
trast  ths  satellite  ephemerls  errors  are  aesumed  to 
remain  oonstant  over  the  ehort  duration  of  any  experi¬ 
ment  pass.  This  approaoh  require*  that  the  time  vari¬ 
ation  of  the  error  parimeteia  be  aoourately  modeled. 
Error  model!  for  all  of  the  system  error  souroes  will 
be  determined  from  previous  test  and  calibration  data 
taken  during  the  experiment.  The  parameters  of  the 
error  models  then  become  the  fitting  parameters  In  ths 
least  squares  fitting  equation! 


AL  •  |qTW*3<5  +  E*:j  1(QTW*1Aq)  (13) 

where  AL  is  ths  differential  oorreotlon  to  the  veotor  of 
fitting  parameter*,  Q  Is  the  matrix  of  partial  deriva¬ 
tives  of  ths  T-S  dstsotor  data  to  the  fitting  parameters , 
W'1  Is  the  data  weighting  matrix,  So1  is  s  preloaded 
oovarlanoe  matrix  and  q  la  the  veotor  of  residuals  of 
the  observed  deteotor  data  with  respect  to  the  oomputed 
data  based  on  the  current  best  estimate  of  ths  fitting 
parameters .  Ths  time  history  of  Q  Is  determined 
analytloally  based  on  the  nominal  trajectory  for  the 
experiment  pass. 

The  fitting  parameter*  are  varied  In  order  to 
yield  a  least  squares  fit  of  the  total  modeled  pointing 
error  to  the  actual  error  at  determined  from  the  tele¬ 
metered  data.  The  PEPSY  errors  are  then  determined 
ts  being  the  values  of  ths  PEPSY  parameters  which 
gave  the  beet  fit.  l.e. ,  the  smallest  residuals  over  ths 
pass  of  data  being  analysed.  The  uncertainty  In  the 
knowledge  of  thee*  PEPSY  perameteie.and  thus  the 
SPARS  performance, will  be  dependent  upon  the  quality 
and  quantity  of  teet  data .  the  validity  of  the  error 
model*,  and  the  aoouraoy  with  whloh  the  fitting  Is 
aooomplished. 


A  UNI  VAC  1106  progrtm  simulating  the  post- 
flight  error  separation  method  has  been  developed , 
ooded,and  partially  oheoksd  out.  Ths  program  requires 
the  Input  of  radar  traoklng  data .  two  axis  T-S  deteotor 
data,  nominal  OPD  pltoh  and  roll  glmbal  angle  hietorles, 
a  beet  estimate  of  the  orbital  Initial  oonditlone,  and 
error  model  parameters.  Ths  program  has  been 
checked  out  with  nolee-free  simulated  AFSCF  range 


the  fit  has  converged  alter  seven  Iterations. 


data.  OPD  detector  data  generated  by  the  input  of 
six  components  of  satellite  position,  velocity  errors 
and  a  set  of  SPARS  pitch  bias  and  drift-rate  errors. 

The  accuracy  with  which  these  eight  parameters  were  Further  work  in  checking  out  the  fitting  of  the 

fitted  is  presented  in  Fig.  13.  The  errors  in  the  fitted  remaining  error  parameters,  the  determination  of  the 

parametera  are  the  values  obtained  after  nine  Iterations  effeots  of  noiae  on  the  data  and  the  extent  of  the  oorre- 

using  the  least  squares  method .  As  can  be  aeen  from  latlon  between  parameters  will  be  oonduoted  in  tbe  next 

the  table  of  the  RMS  deteotor  and  range  data  residuals,  phase  of  the  program. 


Parameter 

Input  Error 

Fit  Correction* 

Error  In  Fit* 

True 

Fit* 

XI 

-19149635  ft 

-19149535 

•500  ft 

-600.16969  ft 

.  18969  ft 

YI 

-346 3669. 9  ft 

-3488858.9 

-500  ft 

-499.00696  ft 

-.99404  ft 

ZI 

10476490.1  ft 

10476490 

•600  ft 

-499.97068  ft 

-.09949  ft 

*1 

19091.4391  fps 

13091.433 

0  fps 

.  16898  x  lo'8  fps 

-.0016698  fps 

*1 

198.677193  fps 

198.66730 

0  fps 

-.98930  x  10*8  fps 

.0098930  fps 

*1 

£2168.3497  fps 

39168.949 

0  fps 

-.30770  x  10*3  fps 

,0003077  fps 

e 

0  rad 

. 1913  x  10*8 

- ,  5  x  10*8  rad 

-.4998  x  10 "8  rad 

-.0009  x  10"8 rad 

e 

8 

0  rad/sec 

-.9718  x  10*i0 

-1  x  lo"8  rad/seo 

-1.0003  x  10"*rp» 

.0003  X  10 "8  rps 

No.  of  Iterations 

RMS  Data  Residuals 

XT,  aro-sao 

Yt  ,  arc-aeo 

Range,  ft 

6 

.887806  X  10'8 

.918703  x  10'8 

.44641  x  10'3 

7 

.33814  x  10"3 

.38390  x  10~S 

.11310  x  10-3 

9* 

.10980  x  10'3 

, 93696  x  10'3 

.3398  >1  10-4 

•Values  given  are  after  the  9th  Iteration 
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ABSTRACT 

SPARS  -  A  Space  Preoiilon  Attitude  Reference  Syatem,  he*  three  major  subsystem*!  an  Inertial  Reference 
Unit,  a  Star  Senaor  Aeaembly,  and  a  Digital  Computer  Subeyitem,  The  IRU  oonileti  of  three  etrapdown  gyroe 
employing  pulae  torque  aervo  ampllflere  for  rebalancing,  The  etar  eeneor  aeaembly  le  a  two-axle  pitch  within 
roll  glmbaled  teleeoope,  The  computer  eubayatam  laeuea  pointing  command*  to  the  teleeoopc  and  proceeeea 
meaaurement  data  from  the  atar  eeneor  aeaembly  and  the  inertial  reference  unit  to  obtain  an  "optimal"  eatlmat* 
of  apacecraft  attitude,  Thia  paper  deacrlbe*  the  IBM  eyatem  configuration  and  the  performance  achieved  during 
laboratory  teatlng, 


I.  INTRODUCTION 

SPARS,  a  .Space  free!  a  ton  Attitude  Reference 
flyetem,  oonatate  oft  an  Inertial  Rafera&oa  Unit,  a 
Star  Senaor  Aeaembly,  and  a  Digital  Computer  Sub- 
ayetem.  The  Jpertlal  Reference  ymt  (IRU)  effectively 
aarvae  aa  the  attitude  memory  between  iter  alghtlng*. 
It  oonaleta  of  three  etrapdown  gyroa  employing  pulse 
torque  servo  amplifier*  for  re-belenolng,  The  Star 
Senaor  Aneembly  (SSA)  la  a  two-axle,  pltoh  within 
roll  glmbaled  telescope.  Digital  readout  la  provided 
by  Incremental  glmbal  encoder*  and  allioon  digital 
detector  a.  The  latter  measure  a  the  position  of  the 
etar  Image  within  the  field  of  view  of  the  teleaoope. 
The  oomputar  subsystem  teaues  pointing  command* 
to  the  teleaoope  and  procaaaee  meaaurement  data 
from  the  SSA  and  IRU  to  obtain  an  "optimal"  eatlmat* 
of  epaoeoraft  attitude, 

To  demonstrate  the  accuracy  of  SPARS  for  e 
■paoaoraft  that  la  controlled  to  be  nominally  aligned 
to  the  local  vertioal,  an  extanalv*  laboratory  develop¬ 
ment  program  wee  undertaken  to  provide  a  very  aoou- 
rets  tost  bed  tor  the  SPARB  equipment.  The  prlnoipal 
laboratory  subsystem*  wart  e  preoislon  ret*  table 
and  atar  simulator*.  The  IRU  and  the  SSA  were 
mounted  on  the  rat*  table  which  provided  both  e  velo¬ 
city  environment  and  an  Independent  meaaurement 
of  attitude. 


Quaternion*  or  Euler  four  parameters  were 
employed  to  represent  attitude  rather  than  direction 
coslnee  or  Euler  angles.  The  attitude  Integration 
algorithm  la  particularly  itmple  In  this  representa¬ 
tion.  The  Kalman  filter  wee  employed  to  prooeee  the 
star  senaor  date  into  "optimal"  eatlmat**  of  space¬ 
craft  attitude. 

This  paper  deeorlbee  the  IBM  SPARS  configura¬ 
tion  end  the  perform* no*  achieved  during  laboratory 
tasting.  Some  qualitative  data  ere  tnoludad  in  the 
matn  text)  quantitative  test  reiulta  and  oonolualons 
appear  In  the  classified  (SECRET)  appendix  to  this 
paper.  Laboratory  test  equipment  end  prooedurea 
ere  dleouesed  by  Sohlee  and  Nielsen  In  Reference  (1). 
A  detorlptlon  of  the  IRU  uend  le  given  by  Baum  and 
Sheldon  In  Refereno*  (8). 

n.  SPARS  CONFIGURATION 

The  IBM  SPARS  configuration  ooneiete  ofi  a 
etrapdown  Inertial  Refereno*  Unit  (IRU),  a  glmbaled 
Star  Sensor  Aeaembly  (SSA),  and  an  onboard  compu¬ 
ter  which  utilises  e  software  package  employing  Kal¬ 
man  filtering  teohnlquee. 

The  IRU  le  ideally  eulted  for  orbital  applications 
where  relatively  low  angu  er  rate*  are  experienced. 
The  glmbaled  etar  aeneor  supplements  the  Inertial 


lWork  dimcrlbud  in  thia  paper  was  performed  under  Contract  F04T01-08-C-088S. 


packages  by  providing  regular  and  frequent  altl'ude 
update*  via  celestial  ''fixes. ''  High  resolution  of  the 
star  position  Is  realised  by  utilising  a  glmbaled  tele¬ 
scope  with  a  small  gleld  of  View  (FOV). 

The  IRU  consists  of  three  Integrating  gyroscope* 
operated  In  a  foroed  limit  oyol#  rebalance  loop.  The 
output  of  the  gyroscopes  ts  In  the  form  of  pulee  oounte 
which  are  proportional  to  the  Integral  of  tha  body 
angular  ratee. 

Tha  SSA  feature*  gray-oodsd  silicon  coordinate 
readout  devloes  oomblned  with  a  pitch  within  roll  glm- 
bal  design.  The  purpoee  of  the  silicon  coordinate 
readout  devtoe,  which  la  subsequently  referred  to  ea 
s  digital  readout,  la  to  measure  the  X  and  Y  coordi¬ 
nates  of  the  atar  Imaga  within  the  teleeoope  FOV. 

Thio  provide*  a  maaauremant  of  the  atar  Una  of  light 
relattva  to  tha  talaacopa  axtsi  oriantation  of  tha  tele- 
aoope  relative  to  the  SPARS  base  plats  la  provided  by 
the  pltoh  and  roU  glmbal  encoder*.  The  X  and  Y 
coordinate  measurements  and  the  pltoh  and  roll  gim- 
bal  angle  measurements  warn  oomblned  by  the  SPARS 
software  Into  pltoh  and  roll  anglaa  whloh  defined  the 
■tar  Urn  nf  sight  ortenutlon  relative  to  the  SPARS 
base  plat*.  It  le  thee*  anglee  whloh  were  Input  to  tho 
Kalman  filter. 

The  SSA  wee  designed  to  operate  In  a  non-nulling 
mods,  l.  e. ,  the  glmbal  drive  eervoe  ware  not  driven 
•o  that  the  star  Image  llae  In  the  center  of  the  tele¬ 
scope  FOV.  Instead,  the  talaacopa  waa  drlvan  so  that 
tha  star  lmsga  ramatna  within  the  FOV  and  hae  no 
relattva  motion.  Motion  of  tha  etar  imaga  aoroaa  the 
digital  deteotor  would  ameer  the  atar  imaga  and  would 
result  In  X  and  Y  coordinate  readout  errors. 

The  non-nulling  epproaoh  was  ealaotad  to  permit 
uee  of  a  rut*  servo  rather  than  a  position  servo, 
thereby  minimising  the  glmbal  servo  dsetgn  end  Im¬ 
proving  star  image  detection.  Slnoe  the  etar  Imaga 
remains  motionless  on  the  eeneltlve  digital  deteotor 
grid,  the  Image  ilgnal-to-noiee  ratio  oan  be  Increased 
by  lengthening  the  Image  exposure  time. 

The  SSA  developed,  fabricated,  end  demonstrated 
during  the  SPARS  Phaat  1A  effort  1*  physically  made 
up  of  two  components  t  the  glmbaled  teleeoope  and  the 
electronic*  oablnet.  Figure  1  show*  the  SSA.  The 
functional  breakdown  of  thee*  two  component!  le  Il¬ 
lustrated  In  Figure  2, 

in.  DiorrAL  detector  and  telescope 

The  digital  dataotora  are  silicon  photovoltaic 
sensors  employing  a  gray  coded  binary  pattern  whloh 
produose  a  direct  digital  readout  of  a  line  Image  that 
impinge*  on  the  pattern.  The  line  Image  li  generated 
by  the  optics  whloh  Include  oylindrioal  element*, 
Pre-ampllfloatlon  eleotronloa  for  digital  deteotor  out¬ 
puts  are  contained  In  the  telescope  assembly.  Be¬ 


cause  the  detailed  description  of  the  optical  pre¬ 
scription,  the  digital  detectors,  and  their  associated 

signal  processing  circuits  are  of  a  proprietary  na¬ 
ture,  they  are  not  Included  In  this  paper.  The  over¬ 
all  telescope  FOV,  which  le  defined  by  the  optical 
prescription  and  tho  digital  deteotor  cell  dimension, 
la  800  arc  sooonds.  An  additional  element  exleta 
between  the  oylindrioal  leni  and  the  deteotor  cell  to 
provide  atar  signal  modulation. 

The  overall  glmbal  assembly  employs  a  canti¬ 
lever  design  rather  than  the  conventional  glmbal 
design.  Figure  1  shows  the  case  of  the  roll 'glm¬ 
bal  serving  a*  the  mounting  fixture  to  the  space¬ 
craft.  The  pltoh  glmbal  anembly  la  mounted  on 
the  roll  glmbal  shaft  and  the  teleaoop*  assembly 
Is  mounted  on  the  pltoh  glmbal  shaft,  Olmbais 
were  free  to  rotate  through  at  leaat  90  degreaa. 
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Fig.  1.  SSA 

Beginning  with  warmup  and  Jtar  sensor  energi¬ 
zation  and  self-test,  an  operational  sequonce  consist¬ 
ing  of  star  search  and  acquisition  Is  performed. 
8PARS  le  designed  to  determine  precisely  the  attitude 
of  a  vehicle  whose  attitude  1»  already  known  to  an 
aooureoy  of  *3-1/4  degrees  ptr  axis.  Thus  the  initial 
•tar  aoqutsltton  problem  for  the  SPARS  oonelet*  of 
■earohlng  for  a  star  within  a  cone  having  a  half  angle 
of  3-1/4  degrees.  Because  the  probability  of  the  first 
thres  stars  falling  within  tha  10X10  arc  mtnuio  fteld- 
ot-visw  of  tha  star  sensor  le  very  low,  a  aearoh  mode 
Is  Implemented  for  acquisition,  Following  the  first 
thrse  star  flxss,  knowledge  of  the  attitude  la  improved 
to  the  point  that  aubsequent  star  seneor  pointing  com¬ 
mands  will  assure  that  the  star  falls  wuhln  the  tele¬ 
scope  FOV,  Subsequent  etar  fixes  st  30  second  inter¬ 
vals  then  nre  processed  with  ths  on-board  filter  to 
Improve  the  attitude  estimate,  tc  calibrate  the  IRU 
gyros,  end  to  estlmats  star  senior  misalignments. 
Operational  utilization  of  SPARS  requires  only  a  sin¬ 
gle  tnetanteneoue  cnapehot  of  a  eter  once  every  30 
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Fig,  2.  SSA  Functional  Diagram 


aeoonds.  the  attitude  during  tho  Interval  between 
thaao  flxoa  la  remembered  by  tha  IHU  gyroe,  which 
will  have  been  calibrated  by  the  SPARS  eoftwaro. 
The  IRL'  data  la  aampled  every  123  mlUlaeoonda  to 
provide  a  relatively  continuous  estimate  of  space¬ 
craft  attitude. 


3/4  orbit  travel  wholly  dependent  on  the  calibrated 
gyro  performance. 


The  Phase  IA  laboratory  implementation  of  the 
SPARS  hardware  and  eo.'tware  required  some  modi¬ 
fications  from  the  orbital  case  In  order  tc  accom¬ 
modate  the  earthbound  laboratory  environment  (e.  g. , 
tho  trfluonoe  of  earth' a  rate  on  the  IRL’  gyros)  and 
tho  absenoe  of  ths  search  function  In  the  8SA  feasi¬ 
bility  model.  The  laboratory  operation  therefore 
was  constrained  to  Initial  attitude  errors  of  less  than 
ad  arc  minutes  as  dictated  by  the  SSA  telescope  FOV. 
The  arrangement  of  the  star  simulator  In  the  IBM 
SPARS  Laboratory  was  auch  that  only  one  quarter 
of  an  orbit  could  be  traversed  wtth  a  regularity  of 
star  sightings.  However,  this  approximately  20 
minute  test  duration  was  sufficient  to  demonstrate 
opttmal  filter  oonvergenoe  and  steady-state  behavior. 
Full  orbit  operation  iu  the  lataratory  also  wee  per¬ 
formed  with  attitude  maintenance  during  the  additional 


There  are  many  aete  of  dependent  variable*  whloh 
can  ba  employed  to  represent  the  attitude  of  the  space¬ 
craft,  The  moat  common  are  Euler  angles,  tho  direc¬ 
tion  cosine  matrix,  and  quaternions.*  The  kinematic 
equations  describing  the  attitude  may  be  written 
ae 

w) 


where  p  denotes  the  variables  whloh  represent  spaoe- 
orrvft  attitude  and  w  denote*  the  vehiole  angular  valo- 
otty.  Eulor  angles  Have  the  advantage  that  only  three 
parameters  are  required,  and  the  disadvantage  that 
the  vector  lunation  f ip,  w)  1*  a  transcendental  function 
of  p.  The  direction  cosine  matrix  and  quaternion 
representation  require  nine  and  four  parameters  re¬ 
spectively,  but  have  the  advantage  that  f  le  a  linear 
function  of  p. 


SPARS  employs  quaternions  to  represent  the  ori¬ 
entation  of  the  body  relative  to  an  Inertial  frame. 


"Quaternions  ere  sometimes  colled  Eulei  four  parameter  or  Cajlry-Klelr.  parameters.  The  four  parameter 
representation  was  first  derived  by  Euler  before  Hamilton  developed  quaternions. 
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The  reasons  for  employing  quaternions  (see  Refer¬ 
ences  3  and  4)  arc: 

•  f(p,  w)  Is  linear  In  p 

•  quaternions  utilise  only  (our  parameters 
to  specify  attitude  In  oontrast  to  nine  when 
direction  cosines  are  used 

e  tho  time  history  of  spacecraft  attitude  is 
given  by  the  integration  of  a  veotor  differ* 
ential  equation  instead  of  a  matrix  differ¬ 
ential  equation  resulting  in  fewer  compu¬ 
tations  per  integration  step 

e  " renormalization”  of  the  quuternlons  Is 
much  more  simply  accomplished  thun  the 
corresponding  operation  for  direction 
cosines.  Tho  significance  of  the  ro nor¬ 
malisation  operation  will  be  explained 
subsequently  when  tho  numerical  Integra¬ 
tion  of  the  attitude  differential  oquation 
la  discussed. 

An  aid  to  understanding  quaternions  can  be  < e- 
rlved  from  Euler's  theorem  which  states  that  any 
•equence  of  rotations  ucilisod  to  bring  two  orthogonal 
refsrenoe  frames  into  coincidence  Is  equivalent  to  a 
single  rotation  about  some  fixed  axis.  Let  ^(tl  be  the 
angle  of  rotation  und  let  a  <t),  p  It)  and  y(t)  be  the  dir¬ 
ection  cosines  defining  the  fixed  axle. 

The  quaternion  element*  q  (t),  1  ■  1,  2,  3, 

4  ure 

q^t)  eoea(t)  sin  (jt(t)/2) 

q2(t)  coh£  (tl  sin  (^(tl/2) 

q.j(t)  eo*  y(t>  sin  <t>/2) 

q^ltt  cos  (m(1)/2) 

The  quaternion  representation  of  the  kinematic 
equations  becomes 

f  <*> 


where 

G(0  a  <tk;  (t-tk)  (4) 

This  formulation  was  an  appropriate  one  to  be 
employod  In  SPARS  since  angular  Increments  rathor 
thun  rates  are  the  outputs  of  the  gyros.  The  ele¬ 
ments  of  G(tl  are  Wjft-tO,  which  is  the  angular 
change  nbout  the  1th  body  axis  during  tho  time  inter¬ 
val  (t^,  t)  assuming  that  rates  are  constant  during 
this  Interval.  For  the  SPARS  application,  rates  aro 
almost  constant  except  Miring  short  attitude  control 
thrusting  Intervals. 

A  hierarchy  of  Integration  algorithms  can  be 
developed  by  replacing  the  exponential  by  its  power- 
series  expansion.  Such  a  hierarchy  has  been  con¬ 
structed  by  Wilcox  (4).  In  the  8PAR8  application, 
algorithms  of  higher  than  second  order  generally 
did  not  exhibit  the  accuracy  predicted  by  theoretical 
analysis,  This  Is  because  the  gyro  outputs  aro  quan¬ 
tised  und  therefore  available  only  to  limited  accur¬ 
acy,  The  accuracy  of  the  second  order  algorithm 
enn  be  improved  by  replacing  it  by  u  "niodtfiod 
second  order"  algorithm  us  suggested  by  Wilcox 
(loc  cit).  This  modified  second  order  algorithm  can 
be  expressed  by  the  equation] 


und  1  is  the  identity  matrix.  In  the  development  of 
(B>,  use  ha*  been  made  of  the  relation! 

U(t)2  -c(t)I 

The  quaternion  produced  by  the  Integration  ulgorlthm 
('ll  will  gradually  depun  from  normality  In  the  sense 
that  the  scalar 


where  fl  Is  tho  skew  symmetrtx  niutrix 


will  differ  from  unity  ns  the  integration  prooesds. 
This  offect  enn  be  compensated  by  periodic  renor¬ 
malization,  l.o, ,  by  dividing  Iho  element*  of  the 
quaternion  produce'1  by  (It)  by  the  scalar  (8).  By 
und  Wj  denotes  the  spacecraft  angular  velocity  In  body  utilising  the  properties  of  quote  rnion  norm*  it  is 
coordinates,  uasy  to  show  that  no  accuracy  is  lost  by  normulUu- 

tlon  at  every  Nth  step  rather  than  at  every  step. 

The  solution  of  <2>  Is  approximately  Therefore  the  normalisation  need  be  undertaken  only 

I  when  attitude  information  Is  needed  for  calculation 

Oft)  I  q  (t^)  (3)  external  to  the  attitude  integration. 


i  q.2<«> 
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The  simplicity  of  the  nor  mall  zutlon  correction 
for  quaternion  Integration  is  quite  In  contract  to  the 
corresponding  procedure  for  direction  ccelnos.  Inte¬ 
gration  of  the  differential  equations  (or  the  direction 
oostne  representation  of  attitude  require*  not  only  a 
periodic  renormalUation  of  the  rows  (or  columns)  of 
the  direction  oostne  matrix,  but  a  ro-orthogonaltxn- 
tlon  of  the  row*  (or  columns). 


components  along  the  true  axes  is 
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Rearrange  terms  to  obtain 
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VI.  FILTER  FORMULATION 

The  aotunl  orientation  of  the  SPARS  attitude  ref¬ 
erence  frame  differed  from  the  estimate  of  Its  orien¬ 
tation  produced  by  the  computer  because  of  errors 
In  the  Initial  eattmste  of  attitude  and  because  of  drifts 
In  the  gyros.  The  objective  of  the  Kalman  filter  was 
to  estimate,  by  a  sequence  of  sightings  on  sulectod 
stare,  the  attitude  srror  and  the  bias  components  of 
the  gyro  drift  rate*  producing  these  errors.  Estima¬ 
tion  began  with  Initialisation  of  the  filter  to  the  current 
beet  estimate  of  tho  body  attitude  reference  frame  and 
gyro  drift  biases.  This  estimate  of  attitude  was  pro¬ 
pagated  to  tho  time  of  the  first  star  sighting  by  the 
Integration  of  (he  quaternion,  Al  the  time  of  tho  first 
star  sighting,  tho  estimates  of  tho  pitch  and  roll  ang¬ 
les  of  the  lino  of  sight  to  the  star  (computed  on  the 
baala  of  tho  computer's  estimate  of  attitude)  were  com¬ 
pared  with  tho  meusured  pitch  und  roll  angles.  Tho 
difference*  wore  multiplied  by  the  Kalman  filter 
weighting  matrix  to  produce  corrections  to  tho  cstl- 
males  of  uttltudu  and  gyro  drift  bluses,  Utilising  tho 
now  estimates  of  attitude,  the  attltuda  quaternion  was 
re-lnlttalUed,  the  gyro  outputs  were  compensated  by 
tho  now  ostlmatee  of  gyro  binsns,  and  the  attitude 
differential  equations  tntegrutsd  to  thu  time  of  tho 
next  star  sighting  where  the  update  procedure  fol¬ 
lowed  at  tho  first  star  sighting  was  repeated.  This 
procedure  continued  as  long  as  star  sightings  were 
takon. 

Tho  usual  formulation  of  a  linear  filter  problem 
requires  a  linearisation  of  (2)  about  the  beet  current 
estimate  of  the  state.  Straightforward  application  of 
this  technique  would  result  in  at  least  seven  state 
varlnbleei  four  representing  deviation*  in  the  ele¬ 
ments  of  the  quaternion  und  throe  for  the  gyro  drift 
biases.  Tho  filler  so  designed  would  have  to  Incor¬ 
porate  a  constraint  on  etate  variable*  elnco  the 
quatornlon  must  huve  unit  norm. 

To  reduce  the  dimension  of  the  state  vector  to 
alx  elements  and  to  romove  the  constraint  an  the 
state  vector,  the  very  smull  attitude  error  wus  rep¬ 
resented  by  three  (Infinitesimal)  angular  rotations 
(f'l  1  *■  1,  2,  3  about  the  three  body  uxes. 

A  A  A  A  x  ,  T 

Let  WQ-  (W),  wg,  w3>*  und  "0“  (wj,  wg,  wg) 

denote  the  angular  velocities  of  the  computed  und  true 
body  frames  respectively.  The  circled  subscript  de¬ 
notes  the  frame  In  which  the  component*  are  evalu¬ 
ated.  The  angular  velocity  of  the  computed  frame  In 
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Although  the  gyro*  are  physically  mounted  along  tho 
true  body  axes,  they  senio  a  combination  of  true 
rate  w  plus  drift  b  nnd  noise  17;  the  computer  assigns 
the  seneor  outputs  In  the  computed  body  frame;  1,  a, , 

Assuming  gyro  drift  is  constant  nnd  their  Input  axes 
are  perfectly  aligned  to  tho  true  body  uxos  wo  obtain 
the  system  oquatton 
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whoro  II*  denoteo  the  upper  (3*3)  eubmatrlx  of  II 
and  17  denotes  gyro  or  process  noise.  Addlttonul 
•into  variables  could  bo  added  to  Include  other  dynam¬ 
ical  biases  and  Instrument  biases,  (Bee  Soctlon  7.) 

Tho  measurements  arc  tho  roll  4>  and  pitch  9 
angles  of  tho  lino  of  sight  to  a  star.  Those  pseudo- 
measurements  are  the  roll  nnd  pitch  obtained  by  comb¬ 
ing  glmbul  angle  encoder  and  digital  detector  readings 
Into  equivalent  roll  nnd  pitch  angles  of  the  LOS.  The 
observation  errot*  arc  reluted  to  the  stntc  varlubles 

by 
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whoro  v  represents  tho  B8A  instrument  noise,  L'ndcr 
suitable  conditions  on  the  statistics  of  tho  state  vari¬ 
ables  ut  tho  Initial  time,  the  process  noise  rj  und  the 
Instrument  noise  v  wo  have  formulated  a  canonical 
linear  filtor  problem  In  equations  (7)  nnd  (h).  In  this 
formulation,  the  gyro  readings  are  not  considered  to 
be  measurements  In  the  usunl  filter  sense  since  they 
do  not  appear  In  (B).  If  the  dvimmlonl  equations  of 
motion  describing  spacecraft  attitude  were  employed 
to  predict  attitude,  then  gyroscope  output?  could  be 
employed  as  additional  "filter"  measurements. 


VII,  FILTER  IMPLEMENTATION 
The  organization  of  the  BPARS  on-board  software, 
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Including  the  attitude  filter.  Is  shown  In  Figure  3.  shown  that  If  <4  ft  )  has  a  unit  norm  then  q(t+)  also  has 

The  filter  gain  matrix  computations  were  based  on:  unit  norm.  The  gyro  drift  bias  Is  updated  by 


Wj  ■  Pj  (-)  Hj 


-1 


Hi  Pt  (-)  Hj  +  Itj 
P,  {+)  «  (I-Wjlty  Pj  (-)  (I-WlHi>T  +  WjRW'f 


b(b^)  ■  b( t~ )  +  Sbdj). 

Ths  formula  selsoted  for  the  update  of  the  filter 
oo/arlance  at  star  observation  time  dttfere  from  the 
customary  formula  which  la 

P(tj>  -  P(tj)  -  WjHjP  (t‘)  >  (I  -  WjHj)  P  (tj) 


P(-)  Is  the  oovarlanoe  of  the  state  vector  Immediately 
before  the  1th  observation,  P(  (+)  la  the  oovarlanoe 
Immediately  after  the  1th  observation.  H(  le  the  gradi¬ 
ent  of  the  l"1  pitch  and  roll  observation  relative  to  the 
filter  states,  R  Is  the  oovarlanoe  of  the  measurement 
noise,  Qt  Is  the  oovarlanoe  of  the  noise  accumulated 
in  the  Interval  (tp  tJ+1)  due  to  random  gyro  noise. 
Finally,  $  (tj,  tj+1)  is  the  transition  matrix  for  the 
state  vector. 

The  Kalman  filter  eatlmatee  a  differential  correc¬ 
tion  to  ths  state,  1.  e. ,  i 
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The  aeleoted  formulation  which  oan  be  found 
In  many  references,  e.g, ,  In  ths  text  by  Bryson  and 
Ho  (3)  was  ohosen  for  implementation  In  ths  filter 
■lnoe  it  le  less  sensitive  to  roundoff  error*. 

VIll.  ERROR  MODEL 

Errors  in  the  msasursmsnta  were  characterised 
either  as  a  taro  mean  independent  random  sequence 
or  a  sero  mean  random  variable.  The  random  se¬ 
quences  combine  to  form  the  meaeurement  end  pro- 
oeae  nolee  errors  whioh  were  represented  In  the 
filter  equations  by  the  oovarlanoe  matrices  n  end  Q 
respectively .  Biases  were  modeled  a*  random  vari¬ 
ables,  Certain  bias  errors  oan  be  Inoluded  In  ths 
filter  stats.  This  Is  dleousssd  further  In  Seotlon  VI 
of  Reference  (1). 


where  the  tilde  denote*  meaeured  values  and  the  hat 
denotes  estimates.  Ths  estimate  ^(t()  le  transformed 
Into  an  update  of  the  quuternlon  by  the  formula 

-  q(t">  -  J  S<tt)  q(t") 

where  S  (t)  Is  a  skew  symmetrlx  matrix  having  same 
form  a*  ft  with  replaced  by  ^  (t  j).  It  Is  easily 


Biss  errors  were  associated  with  alignment  cali¬ 
bration,  SSA  alignment  errors  ooourrsd  In  the  mea¬ 
sured  (calibrated) alignment  ofi  (1)  the  pitch  and  roll 
gimbal  axes  (yHX»  XRZ<  XPX<  ^py)  *nd  <a> 

■oops  (op+lo)  axis  with  respaot  to  ths  gimUl  axes 
froy*  yoz  )ir  denotes  ths  angular  orientation.  The 
first  subscript  refers  to  cither  the  roll,  pltoh  or  op¬ 
tic  exis  end  the  second  subscript  the  txla  of  rotation. 
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Tiio  or i'oi*8  consist  of:  (1)  bisis  error  In  the  Instru¬ 
ment  alignment  nntl  calibration;  (2)  cyoUo  error  In 
the  modeling  of  repent nblo  bearing  motion;  (3)  r:m- 
dnm  error  In  the  form  of  non-rupentnble  bea’lng  mo¬ 
tion!  and  (4)  thermal  and  gravity  Induced  bending. 

SSA  thermal  bending  error*  were  negligibly  email  In 
the  controlled  laboratory  environment.  Gravity  In¬ 
duced  bending  In  the  laboratory  was  assumed  tc  be 
negligible  except  for  the  roll  glmbal.  However,  test 
results  indicate  that  this  may  have  been  n  poor 
assumption  (Reference  1).  The  X,  Y,  and  Z  gyro 
Input  axes  wore  not  perfectly  aligned  with  the  coor¬ 
dinates  defined  by  the  IRU  optical  cube.  However, 
uncertainty  In  these  uUgnmente  had  negligible  effect 
on  SPARS  performance. 

The  notae-llke  random  sequence  errors  are  aseo- 
ctuted  with  read-out  and  fabrication  errors.  The 
readout  errors  Include  resolution  (quantitation)  and 
fabrication  of  the  readout  devices,  the  glmbal  encod¬ 
ers  and  the  digital  detectors.  Resolution  limitations 
Impose  uniformly  distributed  errors  with  maxima 
equal  to  one-half  the  magnitude  of  the  least  signifi¬ 
cant  bit  roudout.  Fabrication  errors  arise  from 
Imprecision  In  manufacture  and  the  rosultnat  Inac¬ 
curacies  of  extrapolation  techniques.  Fabrication 
errors  arc  for  the  most  part  repeatable  at  each  read¬ 
out  position.  However,  tho  likelihood  of  a  particular 
readout  position  recurring  with  significant  frequency 
during  a  test  run  was  sufficiently  small  to  allow 
modeling  of  fabrication  error  ns  a  random  phenome¬ 
non. 


slating  of  a  series  of  pulses  each  representing  an 
ungulur  rotation  about  the  input  axis.  The  rerd-out 
error  can  have  a  maximum  value  ot  one  Pulse  Weight 
(PW)  and  was  assumed  to  be  uniformly  distributed 
between  0  and  1  PW, 

In  addition  to  readout  errors,  the  gyro  outputs 
are  In  error  due  to  gyro  drift  and  angular  notae  in  the 
gyro.  Oyro  drift  wae  nharaoterlzed  as  bias  and  was 
included  In  the  filter  state)  angular  gyro  nolae  ap¬ 
pears  In  the  filter  equations  a*  process  noise.  Be¬ 
cause  a  statistical  description  of  gyro  noise  error  did 
not  exist,  the  IRU  vendor  was  requested  to  perform  a 
series  ot  tests  on  an  experimental  version  of  the 
SPARS  IRU.  The  data  obtained  from  these  testa  were 
used  to  establish  an  empirical  gyro  noise  model  as 
described  below. 

Single  channel  gyro  pulse  oounta  (Incremental 
angles)  were  accumulated  over  an  Interval  of  time  and 
the  total  number  of  pulse  count*  recorded,  This  was 
done  for  one  mlllleeoond  and  thirty  second  time  Inter¬ 
vals.  Analysis  of  the  collected  data  lndlontcs  that 
each  gyro  channel  presents  data  containing  a  one  sig¬ 
ma  error  of  lees  than  ono  rebalance  pulse.  Examina¬ 
tion  of  the  data  revealed  a  high  correlation  between 
millisecond  samples  and  showed  that  a  second  har¬ 
monic  of  reduoed  magnitude  la  also  present.  The 
correlation  function  Implied  a  harmonic  component 
with  a  frequency  of  approximately  ?.S0  He.  Thue  tho 
gyro  notsa  (angle  error)  wae  modeled  us  a  sum  of  a 
sinusoid  and  a  whits  guusslan  sequenoe. 


The  digital  doteotor  error  model  Includes!  reso¬ 
lution  (quantization)  und  fabrication,  sorvo-lnduced 
Image  motion,  and  thermal  nnd  gravity  Induced  bond¬ 
ing  of  the  telescope.  Over  the  long  torm,  the  detec¬ 
tor  quantitation  error  appears  to  be  uniformly  distri¬ 
buted  with  etandard  deviation  of  MD/*/i7,  where  QD 
Is  tho  resolution  of  the  dotoctor,  whtlu  the  normal 
error  duo  to  fabrlcutlon  hus  magnitude  of  <rFO,  An 
additional  readout-type  error  source  is  Imposed  on 
tho  digital  detector  bv  eorvo-lnducod  Image  motion 
ueros*  tho  digital  dotectors,  This  Imugo  motion  re¬ 
sult*  from  servo  rale  following  error  and  high  fre¬ 
quency  rate  oscillation  (Jitter).  Tho  servo  error* 
cause  u  smeur  of  tho  etur  Imago  on  tho  detectors, 
reducing  the  slgnul-to-nolse  ratio  und  resulting  In 
u  readout  of  the  mean  Imago  position.  Tho  glmbal  en¬ 
coders  are  modeled  l\v  quantizing  the  glmbal  angle 
pIuh  fabrlcutlon  noise.  One-holf  of  on  encoder  bit 
(EW/2)  Is  added  (subtracted)  to  the  glmbal  encoder 
reading  for  poeltlvo  (negative)  glmbal  rates  to  reduce 
quantization  errors.  After  compensation,  the  encod¬ 
er  causes  errors  which  over  the  long  term  resemble 
a  uniformly-distributed  source  with  a  mnxiniuni  val¬ 
ue  of  EW/2  combined  with  a  norniully-dletrlbuted 
source  of  magnitude  Vyc  caused  by  fabrication 
orrore. 

Gyro  quantization  onuses  n  readout  error.  The 
IRl'  Is  an  ungle  measuring  device  with  readout,  con- 


Tho  process  notse  covariance  matrix  Q  then 
becomes 


where  I  Is  a  (.1x3)  Identity  matrix  and  C  Is  the  standard 
deviation  of  gyro  nolot. 

Small  ltd  hoc  terms  also  were  added  to  ouch  of 
the  stx  diagonal  elements  of  Q  primarily  to  Increase 
the  elements  of  W  relating  to  gyro  drift  bins  updates. 

IX.  TECT  RESULTS 

Static  and  dynamic  laborutory  tests  are  described 
in  Reference  (1).  Qualitative  test  results  are  des¬ 
cribed  In  this  section  and  quantstlvc  results  in  the 
clusslflcd  (Secret)  appendix  to  this  report. 


A.  Convoniencc/Dlvorgcnco 


Thu  SPARS  attitude  filter  should  quickly  reduce 
large  initial  attitude  errors,  l.e, ,  demonstrate  Ini¬ 
tial  convergence.  Additionally,  once  the  error  in  the 
attitude  estimate  converges,  It  should  not  exhibit  a 
seoular  growth  as  more  and  more  observations  are 
processed  by  the  filter.  This  section  discusses  ini¬ 
tial  convergence  and  long-term  divergence  cf  the 
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filter.  Since  thero  wee  a  comparatively  long  period 
between  receipt  of  the  IRC  and  receipt  of  the  SSA,  ini¬ 
tial  convergence  and  long-term  divergence  were 
briefly  studied  by  employing  reel  IRC  data  and  simu¬ 
lated  SSA  data. 

An  attitude  control  system  was  assumed  which 
slaves  the  spacecraft  to  a  local  vert.cal/orbit  plane 
coordinate  sy*‘  i  tc  within  +2-1/4  degrees. 

Figure  4  shows  the  convergence  of  the  attitude 
estimate  within  about  five  minutes  in  the  face  of  Ini¬ 
tial  attitude  errors  of  2-1/4  degrees  per  axis.  The 
first  few  points  are  oft  scale,  The  dots  ar.d  asterisks 
denote  respectively  the  attitude  history  Just  before  and 
Just  after  a  filter  correction. 

Long-term  divergence  of  the  filter  was  not  fully 
examined.  There  were  no  known  significant,  unmod¬ 
eled,  dynamical  biases,  a  major  cause  of  filter  div¬ 
ergence  QQ.  It  had  been  demonstrated  in  the  SPAR8 
Phase  0  effort  that,  if  the  gyros  exhibited  a  drift 
component  characterised  by  a  random  walk  proceas, 
the  filter  would  diverge  If  die  alogrlthm  assumed 
the  gyro  process  noise  was  white.  Static  gyro  teat 
data  did  not  reveal  a  random  walk  proceaa.  The  fil¬ 
ter  was,  however,  designed  to  aocount  for  a  small 
random  walk  component.  The  filter  also  employed 
small  ad  hoo  terms  In  addition  to  modlng  and  random 
walk  to  kesp  ths  gyro  drift  components  of  the  filter 
gain  open.  Figure  S  shows  no  appsrsnt  tendenoy  of 
the  filter  to  diverge  for  6,300  eeoonds  of  operation, 

B.  Extended  State  Filter 

The  detailed  analysts  of  SPARS  and  laboratory 
errors  indicated  the  desirability  of  adding  more  state 
variable «■  to  the  filter  to  reduoe  the  effect  of  both  sys¬ 
tem  and  tne  laboratory  errors  or  measured  attitude, 


The  major  unmodeled  errors  were  six  SSA  a.id  atar 
simulator  alignment  uncertainties.  Provision  was 
made  in  the  test  plan  to  estimate  these  biases  in  the 
SSA  dynamic  calibration  test  [l].*  Theoretically 
these  biases  ore  observable.  However,  simulations 
showed  them  to  be  poorly  obiorvable  tn  the  compara¬ 
tively  abort  (twenty-minute)  teat. 

Early  testing  of  the  BPARB  filter  employing  six 
state  variables,  three  representing  attitude  errors 
and  three  representing  gyro  drift  lies,  Indicated 
that  the  unmodeled  blaser.  caused  at+itude  errors  that 
were  slightly  larger  than  would  be  predicted  by  the 
filter's  estimate  of  the  error  oovarluneo  matrix. 

This  behavior  was  attributed,  at  leaat  in  part,  to  the 
unmodeled  alignment  btaeee.  Furthermore,  It  was 
felt  that  in  orbital  flight,  calibration  or  estimation  of 
SSA  biases  might  be  required.  Therefore,  u  twelve- 
state  variable  SPARS  filter  wae  also  designed  for  the 
laboratory  testing. 

An  analysis  showsd  that  only  ten  of  the  twelve 
state  variables  or  linear  combinations  of  the  state 
variable  were  ostlmable.  The  twolve  state  filter 
was  shown  by  simulation  and  error  analysis  to  give 
modest  Improvement  In  attitude  over  the  normal 
twenty  minute  laboratory  test. 

Direct  comparison  of  the  six  and  twelve  state  fil¬ 
ters  was  made  for  one  test.  Actual  SSA,  g*  ..*’d 
rate  table  data  were  recorded  from  a  SPAl  I'yu.  mlc 
test  employing  a  six  state  filter.  The  recoroea  sen¬ 
sor  data  was  then  employed  to  drive  s  simulation  of 
the  twelve  state  filter.  The  mean  nttltuoe  error  over 
the  last  fifteen  minutes  of  testing  showed  an  improve¬ 
ment  of  33  percent.  Using  the  twelve  state  filter,  a 
24  percent  Improvement  in  67  percent  point**  was 
noted.  Error  analyses  predicted  a  more  significant 
improvement  for  longer  teste. 


Fig.  4.  Convergence  from  2-1/4  Degrees  Initial  Error 


‘A  test  employing  only  nte  table  and  SSA  data,  l.e. ,  no  gyro  data. 

••By  definition  67  percent  of  the  meaiured  attitude  errors  have  magnitudes  smaller  than  the  67  percent  point. 
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AB8TRACT 

An  advanced  state-of-the-art  sta'lar  inertial  attitude  reference  system  has  undergone  laboratory  testing  by  the 
IBM  Federal  Byai«ms  Di'-leu  n  for  the  gpace  precision  attitude  gefereuce  system  (SPARS)  program.  DUousaod  In 
this  paper  ere  the  test  laboratory  configuration  and  the  test  sequence.  The  system  tasted  consisted  of  a  gtmbalert 
star  tracker,  a  three-gyro  strapped -down  Inertial  refsrcnoe  unit,  ar.d  associated  data  processing. 

A  hierarchy  d  test*  was  performed  upon  the  system  and  laboratory  devices  taken  Individually  and  also  In  com¬ 
bination.  This  sequence  of  test*  was  designed  to  isolate  component  and  Interface  problems  at  the  earliest  possible 
tint*.  Tests  proceeded  from  simple  functional  ohsokouts  to  increasingly  complex  tests  whloh  exercised  more  and 
more  of  the  complete  SPAJltS/LABOFATORY  system  and  which  more  olossly  resembled  the  final  SPARS  system  teet. 

A  short  time  schedule  coupled  with  a  sequential  delivery  of  hardware  required  s  flexible  test  philosophy  In  which 
special  purpoeo  tests  were  configured  as  subclasses  of  the  final  SPARS  system  test. 

This  paper  also  dlacusses  the  laboratory  Instrumentation  for  calibration  and  alignment  and  Its  related  monitor¬ 
ing  activities.  Laboratory  facilities  developed  for  theee  tests  demonstrated  short  tints  stabilities  of  one  and  one- 
hulf  second*  and  long  time  alignment  stabilities  of  approximately  ten  arc  aecond*,* 
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The  IBM  SPARS  Laboratory  wat  specifically  de¬ 
signed  to  test  the  attitude  reference  system  of  the 
SPARS.  This  «ystem  consisted  of  a  glmbaled  star 
sensor  and  strapped  down  inortlal  reference  unit 
mounted  to  a  common  base  plate.  The  SPARS  system 
was  designed  to  estimate  the  Inertial  attitude  of  a  sat¬ 
ellite  in  an  earth  orbit.  The  satellite  was  to  contain 
an  Independent  attitude  refarsnoe  and  control  system 
maintaining  the  satalllt*  In  a  rough  looal  vertical  ori¬ 
entation.  The  purpose  of  the  SPARS  cyatem  was  to  re¬ 
fine  the  knowledge  of  alignment  beyond  the  Initial  two 
and  on*  half  degree  alignment  accuracy  provided  by 
the  spacecraft  attitude  control  system. 

The  laboratory  test  of  the  3PARS  was  designed  to 
prove  the  system  concept.  A  prototype  star  sensor 
assembly  and  inertial  reference  unit  were  mounted  to 


a  common  baseplate  and  tested  In  a  benign  environ¬ 
ment.  The  baseplate  was  mounted  on  a  rate  table 
which  rotated  past  a  set  of  fixed  star  simulators  at  a 
rotational  rate  characteristic  of  a  low  earth  orbit. 
Superimposed  on  this  orbit  rate  was  a  limit  cycle 
simulating  the  oifocts  of  the  vehicle  attitude  control 
eystem. 


The  star  simulators  were  placed  at  fixed  orien¬ 
tations  relative  to  the  rate  table,  and  the  SPARS  star 
xeneor  assembly  was  made  to  slew  from  star  to  star 
following  a  realistic  star  pointing  schedule.  Vibra¬ 
tional  and  thermal  disturbances  were  mtnimtzedi  no 
stray  light  effects  characteristic  of  sun,  moon,  or 
earth  corona  were  simulated. 

The  tost  wae  designed  to  show  the  accuracy  of  the 
system  under  eteady  eta  s  condition*,  that  Is,  the 


*  Design  characteristics  of  the  SPARL  software ,  the  Star  Senior,  and  the  Inertial  Rstorvnce  Unit  (1RU)  and  t*et 
data  tie  given  by  N.  F.  Tods,  et  al. ,  Reference  (1). 
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accuracy  that  could  be  achieved  once  the  Initial  attitude 
error  had  been  reduced  to  a  level  near  the  steady  state 
operating  condition-,.  Thus,  the  testing  did  not  Include 
aearoh  and  acquisition  of  stuis. 

The  principal  items  of  laboratory  equipment  were 
a  rate  tnble  and  u  set  of  four  star  simulators.  The 
purposo  of  the  rate  table  was  twofold:  first,  to  rotate 
the  SPARS  at  orbital  rate  past  tne  set  of  fixed  star 
simulators,  and  second,  to  provide  a  measure  of  the 
ungle  through  which  the  8PARS  had  been  rotated,  This 
ungulur  reud-out  of  the  rate  table  was  used  to  generate 
a  lobtrntory  measurement  of  the  SPARS  attitude,  which 
Is  the  measured  dim  tlon  cosine  matrix  relating  o 
coordinate  frame  fixed  to  the  SPARS  baseplate  to  a 
laboratory  fixed  coordinate  frame.  These  two  coor¬ 
dinate  frames  were  referred  to  as  body  and  laboratory 
axe* respectively.  The  measured  attitude  was  then 
compared  with  the  attitude  aa  oomputed  by  the  SPARS 
system,  The  difference  between  these  two  attitudes 
was  the  measured  SPARS  attitude  error,  This  meas¬ 
ured  attitude  error  contained  both  laboratory  errors 
and  SPAR8  errors.  That  Is,  the  laboratory  misalign¬ 
ment  and  rate  table  readout  errors  contributed  to  tne 
measurement  of  the  SPARS  errors.  The  effects  of 
constant  and  slowly  varying  mlialignments  wars  mini¬ 
mised  by  periodic  calibration*  of  tha  laboratory  In¬ 
strumentation.  However,  short  term  inatabllltiau  and 
nolae-ltke  errors  did  offeot  the  teats.  These  effects 
|  were  additive  and  caused  tha  test  data  preaantad  In  tha 
appandlx  tu  Reference  (1)  to  be  a  peaalmlatlo  measure 
i  of  SPARS  performance, 
i 

|  The  SPARS  attitude  reference  system  measured 

J  the  lnartlal  rata  of  the  baseplate  using  an  Inertial  flaf- 
erenoe  Jlnlt  (IRU)  containing  three  orthogonally  mounted 
gyrosoopaa.  Tha  system  also  measured  tha  orientation 
i  of  the  star  line  of  eight  relative  to  the  baseplate  using 
a  Jtar  gsnsor  Assembly  (88 A),  The  banlo  prlnolpl# 
i  used  to  estimate  attitude  was  to  oampar*  the  star  line 
of  sight  measured  by  tha  SSA  with  an  estimated  line  of 
eight.  The  latter  was  based  upon  a  known  orientation 
of  the  star  line  of  eight  and  tha  current,  estimate  of 
|  system  attitude.  Reeldual  differences  between  the  ob¬ 
served  line  of  eight  and  tha  oomputed  line  of  sight  were 
|  Input  to  a  filter  which  corrected  attitude  and  attitude 
I  rate  parameter*  ao  at  to  better  fit  these  Una  of  sight 
I  differences.  This  prooeia  relied  on  traoklng  a  known 
star,  l.e. ,  a  star  whoa*  Una  of  sight  orientation  was 
known  In  some  aultnble  reference  frame. 

Errors  In  the  calibration  of  the  star  simulator 
orientation  caused  error*  In  the  SPARS  attitude  and 
for  a  single  star  sighting  had  tha  same  effsot  upon 
•ystem  performance  as  an  error  In  the  rate  table 
orientation.  Rat*  table  readout  error  had  an  additive 
f  effect  upon  eyetem  acouraoy.  Thus,  the  prime  goal  of 
5  the  laboratory  configuration  was  to  provide  a  etable 

(and  accurately  measurable  orientation  of  tha  star  sim¬ 
ulators  rslsttve  to  the  rate  table.  A  stable  and  uniform 
rat#  table  rotation  readout  was  needed  so  that  the 


motion  of  the  SPARS  relative  to  the  star  simulators 
could  be  accurately  modeled  and  accurately  measured. 

The  inertial  reforence  unit  measurement  of  attitude 
rate  served  the  fur.otlon  of  an  attitude  memory  rnd  en¬ 
abled  the  SPARS  to  combine  many  line  of  sight  meas¬ 
urements  into  an  accurate  measurement  of  system  at¬ 
titude  and  attitude  rate. 

The  rate  table  and  atar  simulators  were  mounted 
upon  a  reinforced  concrete  pier  Isolated  from  ground 
vibration  by  pneumatic  (air  pad)  aupporta.  Numerous 
optical  devloei  ware  uied  to  monitor  alignment  of  the 
enllm  laboratory  setup. 

Data  processing  was  performed  by  a  remotely  lo- 
oaiad  IBM  7084  computer  which  executed  the  SPARS 
attitude  estimation  and  sensor  pointing  functions,  in 
an  operational  case  these  estimation  and  atar  sensor 
pointing  funotlona  would  be  performed  by  an  on-board 
computer,  Tact  consoles  tor  the  inertial  referenoe 
unit  and  star  sensor  components  and  also  data  adapt¬ 
ers  ware  located  in  the  laboratory  chamber  proper. 

Two  IBM  7094  oomputera  war*  available)  either  one 
could  he  used  to  oontrol  the  laboratory  teat.  Exoept 
for  turn-on  of  equipment,  these  dynamic  teats  ware 
entirely  under  the  oontrol  of  the  digital  computer. 

Data  processing  was  performed  In  real  time  and  re- 
oordad  on  tap*.  Offline  processing  of  this  tape  gen¬ 
erated  printouts  and  plots  of  system  and  component 
performance. 

n.  ifiBi  pagan 

Four  types  of  teete  were  performed  to  verify 
that  the  star  sensor  assembly,  the  Inertial  reference 
unit,  and  laboratory  teat  equipment  performance  mat 
design  specifications: 

*  Laboratory  test  equipment  certification 

*  IRU  functional,  static,  and  dynamic  tests 

*  Star  sensor  functional,  static,  and  dynamic 
tests 

s  Integrated  SPARS  test 


Details  of  laboratory  equipment,  alignment,  and 
testing  are  givon  In  Section  III,  Sections  IV  through 
VI  dsiorlb*  the  IRU  and  SSA  tests  and  tha  final 
SPARS  system  test.  Dynamic  testa  are  further  di¬ 
vided  Into  open  loop  and  closed  loop  testa.  Closed 
loop  lmpllaa  that  a  Kalman  filter  waa  used  to  pro¬ 
of*!  Une-of-slght  residual*  into  Improved  estimate# 
of  attitude  and  bias  parameter* ,  Open  loop  implies 
that  no  fUtar  was  used.  The  purpose  of  tha  open  loop 
taita  was  to  a  soar  tain  tha  effectiveness  of  previous 
calibration  procedures.  Open  looptasta  war*  better  for 
this  purpose  than  closed  loop  teete  because  tn*  action  of  • 
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Kalman  filter  continuously  correcting  attitude  and  bias 

parameters  masked  the  effects  of  misalignments  or 
gyro  drift  biases  or  other  random  system  fluctuations. 

Two  types  of  closed  loop  dynamic  tests  were 
planned  for  both  the  BSA  and  the  IRCi 

s  Dynamic  Calibration 

s  Dynamic  Sensitivity 

The  Dynamic  Calibration  tests  wers  dssignsd  primarily 
to  calibrate  a  single  component,  either  IRU  or  SSA,  in 
a  dynamic  environment  whioh  matched  the  subsequent 
SPARS  test.  These  tests  had  the  secondary  goal  of 
debugging  the  real  time  interfacei  between  the  subeys- 
tem  and  the  real  time  test  control  program.  Dynamic 
Sensitivity  teats  were  designed  to  show  the  sensitivity 
of  the  SPARS  performance  to  the  errors  of  one  sub¬ 
system.  The  SSA  Dynamic  Sensitivity  test  used  a  real 
SSA  mounted  on  the  moving  rate  table  but  uaed  aimu- 
lated  IRC  data.  The  IRU  Dynamlo  Sensitivity  teat  used 
real  IRC  data  but  simulated  88A  data.  In  both  oases, 
the  simulated  data  wae  computed  from  rate  table  angle 
and  angular  rate  data. 


III.  LA  BORA  TOR  V  CONTI  C.C  UA  TIPS 

The  SPARS  laboratory,  shown  In  Figure  1,  was 
situated  In  a  30  by  30  foot  single-floored  building 
separated  from  the  main  engineering  buildings  by 
about  10  feet  and  located  about  76  feet  from  the  com¬ 
puter  complex.  The  SPARS  equipment  was  surrounded 
by  the  optical  teat  equipment  mounted  on  concrete  and 
steel  structures  referenced  to  the  common  pier.  As¬ 
sociated  electronics  and  a  data  aunptcr  were  mounted 
•eparate  from  the  pier  on  a  raised  floor.  Prior  to 
erection  of  the  equipment  in  the  room,  the  entlro  wall 
and  oelilng  area  was  covered  with  on  insulated  dry 
wall  finished  with  a  low  reflectivity  blnok  paint. 

A  dropped  ceiling  with  perforated  panel*  sorvod 
a*  a  pressurized  distribution  plenum  providing  a 
laminar  down  flow  from  the  celling  to  the  return  grills 
located  at  floor  level  along  the  wall*.  Equipment 
cooling  wae  aocompUehad  through  lniulaied  ducts  pro¬ 
viding  doted  loop*  independent  from  the  room  ulr 
system.  However,  deeplte  all  the  precautions  tuken 
to  assure  a  minimum  of  air  currents  In  the  room,  in¬ 
dividual  shrouding  was  required  for  most  of  the  align¬ 
ment  opttoal  path*. 


Dynamic  tests  were  scheduled  to  be  performed  for 
the  IRC  first  and  the  SSA  second  In  the  following  order i 

1.  Closed  loop  dynamlo  calibration 

2.  Open  loop 

3.  Closed  loop  dynamlo  sensitivity 

This  sequential  approach  was  motivated  by  the  subsys¬ 
tem  delivery  schedule  and  the  short  time  available  be¬ 
tween  delivery  and  the  demonstration  of  the  full  SPARS 
system  test.  By  employing  simulated  SSA  date  in  the 
IRC  dynamic  testa,  It  was  possible  to  debug  real  time 
computer  programs  and  test  procedures,  The  SSA  dy¬ 
namic  teats  permitted  greater  error  isolation  by  not 
using  data  from  the  IRC.  In  addition  to  studying  the 
effects  of  gyro  noise  models,  the  IRC  Dynamlo  Sensi¬ 
tivity  test  wae  designed  to  give  on  indication  of  antici¬ 
pated  system  performance  wall  before  delivery  of  the 


The  BSA  Dynamic  Calibration  teat  was  also  de¬ 
signed  to  calibrate  a  group  of  BSA  and  laboratory  cali¬ 
bration  parameter* .  This  end-to-end  calibration  un¬ 
der  dynamlo  conditions  wee  considered  vital  for  the 
success  of  the  full  SPARS  test  because  preliminary 
error  analyses  Indicated  that  laboratory  calibrations 
and  alignments  could  contribute  significant  error  to 
the  SPARS  test  performance, 

All  of  thee*  teste  were  not  eotually  performed  in 
the  IBM -SPARS  effort  for  reasons  discussed  in  sec¬ 
tions  IV  and  v.  They  are  included  hare  for  their  pos¬ 
sible  application  to  other  related  test  programs. 


A,  Stable  Pier 

Since  the  task  Involved  high  preolslon  optical 
alignment*  and  measurement*,  the  SPARS  experiment 
wee  conducted  on  an  Isolated  pier  measuring  31  feet 
long,  12  feet  wide,  and  2  feet  thlok.  The  pier  wee  a 
welded  steel  struoture  encased  in  oonorete  and  floated 
on  10  pneumatic  isolation  mounts  supported  directly 
by  the  reinforced  oonorete  floor  poured  on  the  shale 
rook  stratum.  The  pier  attitude  wae  servo  controlled 
from  three  sensors  measuring  pier  attitude  in  relation 
to  the  floor  at  three  strateglo  points  under  the  pier. 

An  indication  of  the  sensitivity  of  the  pier  suspension 
systsm  was  demonstrated  by  a  firm  finger  preeeure 
impulee  on  the  pier  causing  a  momentary  ohange  In 
attitude  of  up  to  on#  minute  of  arc  followed  by  1  cycle 
per  second  oscillations  grp-iually  decreasing  in  ampli¬ 
tude. 

Adjustments  on  the  pneumatlo  servo  valves  per¬ 
mitted  releveling  of  the  pier  to  compensate  for  atti¬ 
tude  ohanf.es  caused  by  shifting  or  addition  of  equip¬ 
ment  weight  on  the  pier.  A  catwalk,  straddling  the 
pier,  permitted  access  to  the  pier-mounted  equipment 
without  Introducing  attl.ude  transients. 

b.  pur  Maiming 


The  SPARS  test  was  oonduoted  less  than  four 
months  after  the  concrete  pier  wae  poured  and  pier 
aging  effects  wero  expected.  Moreover,  since  the 
ability  of  the  isolation  system  to  maintain  and  return 
to  a  constant  attituds  also  was  an  unknown  parameter, 
two  pter  monitoring  systems  were  Implemented.  One 
system  was  a  long-term  manual  system  ooneietlng  of 
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Fig.  1.  SPARS  Teat  Set  Up 


two  auto  oollimetors  mounted  on  Individual  concrete 
pillar*  poured  dlreotly  on  the  shale  sub-base.  The 
collimators  were  mounted  horlsontally  at  right  angles 
to  oaoh  other  and  in  line  with  three  mirrors  mounted 
permanently  to  the  pier  .  Two  of  the  mirror*  were  at 
oppoalte  ends  In  the  long  direction  of  the  pier  and, 
through  a  spilt  collimator  field,  they  provided  pier 
azimuth  as  well  as  pier  tilt  and  bending  about  the  short 
axis.  The  third  mirror  mounted  at  the  middle  of  the 
front  long  side  provided  tilt  about  the  long  axis  plus 
redundant  azimuth  Information.  Pier  bending  as  well 
as  a  gradual  tilting  of  the  pier  tn'the  order  of  five  arc 
seconds  per  three  weeks  was  experienced.  The  mean 
azimuth  orientation  changed  baok  and  forth  a  few  arc 
seconds.  No  provisions  were  mode  for  monitoring  ths 
auto  oolllmatorsi  their  Individual  pillar*  and  mountings 
were  assumed  to  be  fixed  references .  The  standard 
deviation  for  ths  collimator  readings  was  .  16  aro  sec¬ 
ond. 

The  second  monitoring  system  was  short  term  but 
automatic,  consisting  of  a  two  axis  automatic  autoool- 
Umator  receiving  refleoted  light  from  a  mercury  pool 
mounted  adjacent  to  one  of  the  manual  auto  oolllmatora. 
A  fixture  forming  an  Integral  part  of  the  Isolated  pier 
positioned  the  automatic  auto  ooUlmator  on*  inoh  above 
the  mercury  surfaoe,  and  the  Instantaueous  two-axis 
sttltude  Information  was  oontl&uously  rsoordsd  during 
the  experiments.  A  random  motion  of  *1.8  arc  sec¬ 
onds  represented  the  dally  attitude  motion  of  the  lao- 


leted  pier.  However,  IRU  calibration  teete,  which 
were  sensitive  to  high  frequency  Instability  of  the  pier, 
indicated  that  pier  motion  during  the  test  was  consid¬ 
erably  lese  than  1. 8  arc  seconds. 

C.  North  Reference 

Proper  compensation  of  the  IRU  output  required  a 
knowledge  of  it*  orientation  In  relation  to  north.  This 
was  obtained  In  two  etepa.  The  first  step  Involved 
transferring  north  information  from  Polarl*  to  a  16- 
inch  diameter  mirror  called  the  second  azimuth  mir¬ 
ror  mounted  on  a  concrete  pedestal  grouted  to  the  pier. 
A  transfer  mirror,  called  the  flret  azimuth  mirror, 
waa  used  to  establish  the  reference  between  polarls 
and  the  room,  and  for  the  subsequent  transfer  from 
the  room  to  the  pier. 

For  Polarle  observation*,  a  theodolite  was 
mounted  on  t  concrete  pillar  outside  the  lab  and  an 
external  reference  mark  two  mile*  away  facilitated 
observation*  ts  prescribed  in  the  manual  of  Geodetic 
Aetronomy,  special  publications  Number  237. 

The  theodolite  etatlon  was  protected  from  weather 
and  ambient  light  by  a  small  shelter.  An  aebestoe  pipe 
shrouded  the  optloal  path  from  the  shelter  into  the 
first  azimuth  mirror.  Airflow  and  consequent  Image 
Jitter  was  reduced  by  a  pellicle  mounted  *1  the  lneide 
end  of  the  pipe. 


The  aoeonci  step  Involved  transferring  the  north 
reference  from  the  second  azimuth  mirror  to  the  ERL' 
alignment  cube.  This  wag  accomplished  by  on  auto 

collimator  mounted  on  a  concrete  structure  and  posi¬ 
tioned  perpendicularly  to  the  second  azimuth  mirror 
and  in  line  with  the  cube,  The  auto  collimator  was 
aligned  and  calibrated  with  the  rate  table  turned  to  a 
position  permitting  a  clear  line  of  eight  to  the  16  inoh 
mirror.  A  paraltel  path  was  provided  by  a  second 
nuto  collimator  used  in  a  similar  manner  for  establlsh- 
Ing  the  orientation  of  the  SSA  alignment  cuba  in  rela¬ 
tion  to  North. 

Sightings  on  Polarle  wars  made  on  thres  different 
evenings  with  a  total  of  32  aightlnga  resulting  in  a 
standard  deviation  of  the  North  angle  in  relation  to  the 
first  as  Imuth  mirror  of  a  •  2,24  arc  aeoonda.  Trans¬ 
ferring  of  the  North  angle  from  the  firat  azimuth  mir- 
mor  to  the  aeoond  azimuth  mirror  waa  performed 
shortly  after  the  equipment  waa  assembled  and  a  total 
of  12  transfer  checks  were  made.  The  standard  devia¬ 
tion  for  azimuth  transfer*  waao--  .66  aro  aeoond. 

A  reading  from  the  rate  table ,  after  it  had  been 
adjusted  to  provide  parallelism  between  the  Oil'  oube 
end  eecond  azimuth  mirror,  represented  the  north 
reference  angle,  and  the  IRC  collimator  reading  es- 
tabllshed  the  relative  azimuth  angle  between  the  two 
cube*.  The  atandard  deviation  of  the  measurements 
from  the  second  azimuth  mirror  to  the  cubes  including 
the  rate  table  setting  was  cr»  .23  arc  aeoond. 

D.  Rfltg  tm 

The  1RU  and  SSA  were  rotated  at  controlled  rates 
about  the  local  vertical  by  an  air-bearing  rate  table 
whose  adjustable  baae  was  grouted  to  the  Isolated  pier. 
A  stress-relieved  preclalon-mschined  casting,  mounted 
directly  to  the  rate  table  top,  served  as  the  mounting 
base  for  the  IRU  and  SSA.  l’lns  and  eloped  surfaces 
wore  used  for  regietratlon  and  the  units  were  mounted 
In  a  fixed  manner  to  form  nn  Integral  part  of  the  rate 
table  top.  Information  on  their  relative  position  was 
obtained  from  tha  optical  alignment  cubes  as  described 
earlier.  Rate  table  alr-bearlng  performance  depended 
on  n  balanced  load  achieved  by  careful  counterbalanc¬ 
ing.  Vertical  alignment  wae  monitored  with  an  auto¬ 
matic  autocolllmator  mounted  to  the  overhead  struc¬ 
ture  above  the  rate  table  axia.  Ses  Figurs  1,  This 
autocolllmator  was  zero  calibrated  against  a  meroury 
pool  which  was  positioned  during  the  calibration  mode 
on  a  three  point  adjuatable  mirror  mounted  on  a  fixture 
above  the  SPARS  equipment,  Proper  adjustment  of 
three  variable*!  rate  table  vertloel  adjustment, 
counterweights ,  and  ths  adjustable  mirror  rejulted  in 
a  maximum  total  runout  from  the  local  vertical  of  one 
ore  Hocond.  A  firm  finger  pressure  at  the  edge  of  the 
tablo  Introduced  a  transient  In  the  order  of  one  arc 
socond.  Thl*  deflection  was  minimized  by  special 
handling  of  the  cables  connecting  the  SPARS  and  the 
aatn  adapter.  Use  of  aliprlngo  would  have  further  re¬ 


duced  disturbance  torques  upon  the  rate  table.  Rate 
table  angle  readouts  were  calibrated  by  mounting  a 
high  accuracy  angle  divider  on  the  table  and  counter¬ 
rotating  the  divider  to  the  same  angular  values  as  were 
commanded  to  the  rate  table.  An  autocolllmator  nUl 
aentor  was  used  to  determine  tho  return  to  zero  com¬ 
parison  of  rat*  table  and  angle  divider  readouts.  This 
waa  done  in  one-degree  increment*.  Rate  error  waa 
measured  by  two  methods.  One  method  utilized  the 
rate  table  electronioa  and  compared  time  Intervale 
between  one  degree  readout  pulses  when  driving  at  a 
oonstant  rate.  The  other  method  utilised  the  measured 
angular  errors  between  successive  one-degret  incre¬ 
ments  and  divided  this  by  ths  average  time  for  the 
given  rate. 

The  rssults  of  the  tests  werei 

e  Maximum  peak-to-paak  azimuth  error  ■ 

+0.53  aro  aeo,  -0.66  aro  sec 

e  Worst  case  rate  error  ■  0.02  percent 

Tha  rate  table  was  driven  at  a  nominal  16  earth 
ratal.  Vehicle  limit  oyole  effects  were  Included  by 
switching  from  10  to  17  earth  rates  thereby  simulating 
a  ±16  aro  second  per  seoond  limit  oyole. 

E.  Star  Simulators 

A  simulated  star  field  was  produoad  by  four  star 
simulators  aligned  in  relation  to  the  looal  vertical  and 
north.  In  order  to  minimize  motion  on  the  cables 
leading  to  the  rate  table  mounted  units,  distribution 
waa  kept  within  a  horizontal  sector  of  110'.  The 
tracking  time  for  each  star  was  optimized  by  placing 
the  stars  at  120*  down  from  the  vertloal.  The  Star 
Simulator  had  a  5.5  inoh,  diffraotlon  limited  refrac¬ 
tive  objective.  The  speotral  bandwidth  was  fixed, 
ranging  from  .62/1  to  l.0>*  and  peaking  at  .85^,  The 
objective  was  achromatized  for  38B3,  8621,  end 
10140A.  A  constant  current  DC  power  eupply  ener¬ 
gizer,  a  ribbon  filament  lamp,  and  a  condenser  relay 
lens  superimposed  the  ribbon  Image  on  a  .  0007  inoh 
diameter  pinhole.  The  angular  subtense  was  2.0  aro 
seconds  and  counter  rotating  nsutral  wedges  faolli- 
tated  adjustment  of  the  simulated  itare  to  calibrated 
star  magnitudes. 

Concrete  pedestals  grouted  to  the  pier  served  as 
the  fixed  haie  for  the  stare  and  threaded  etude  per¬ 
mitted  alignment  in  azimuth  and  elevation.  Critical 
alignment  of  the  stars  was  not  required,  however 
knowledge  of  thoir  final  position  was  Important  and 
was  obtained  by  multiple  surveys  using  the  theodolite 
mounted  on  the  rate  tabts.  Because  of  liolstion  pier 
effects,  the  theodolite  bubble  readings  were  Ignored 
and  zero  position  wae  established  by  autocollimstlon 
off  the  seoond  azimuth  mirror.  The  theodolite  was 
read  in  direct  as  well  as  plunged  poaitiotie  and  the  rate 
vsbls  was  rotated  in  90*  intervale  while  ths  theodolite 


was  counter  rotated.  Multiple  readings  were  made  at 
three  different  times.  Each  time  the  standard  devia¬ 
tion  (or  stir  azimuth  in  rotation  to  azimuth  mirror 
number  one  and  elevation  angle  in  relation  to  rate  table 
axle  was  1.8  arc  second*.  However,  moan  atar  posi¬ 
tion  readings  taken  six  weeka  apart  indicated  that  stars 
had  shifted  randomly  on  the  order  o(  10  aro  second*. 
88A  Dynamic  Calibration  data  indicated  shifts  on  th* 
order  of  4  arc  seconds  in  a  one-week  period, 

These  shifts  were  attributed  to  a  combination  of  pier 
warping,  atar  simulator  alignment  instability,  and 
possibly  internal  instability  of  the  atar  simulator. 

IV.  TEST-PLAN 

This  seotlon  dlsousses  the  teat  plan  outlined  in 
Figure  2.  Functional  testa  were  primarily  checks  of 
system  operability  while  static  tests  wars  used  to  cal¬ 
ibrate  certain  aspeote  of  subsystem  performance.  The 
SB  A  and  IRU  dynamic  tests  had  the  same  purpose  as 
the  static  tests,  but  were  more  tike  the  SPARS  test  in 
their  operational  environment  since  they  exercised  the 
IRU  or  th*  8SA  at  operational  rates  and  angles  and  pro¬ 
cessed  data  using  filters  which  were  similar  to  th* 
SPARS  attitude  filter.  The  dynamlo  tests  ulded  in  vali¬ 
dating  ths  SPARS  filter  software  particularly  In  the 
checkout  of  sensor  data  handling  techniques  and  system 
Interfaces. 


Fig.  3,  Test  Sequence 


Th*  goal  of  the  SPARS  laboratory  tests  was  to  demon¬ 
strate  th*  attitude  estimation  acouraoy  of  th*  SPARS 
which  included  both  hardware  (gyros  and  etar  aenaor) 
end  software  (the  SPARS  algorithm).  Attitude  accur¬ 
acy  had  been  interpreted  to  mean  a  statistical  meas¬ 


ure  of  the  difference  between  attitude  as  measured  bv 
the  SPARS  generated  quaternion  and  attitude  as  meue- 
urad  by  the  laboratory  Instrumentation,  The  precise 
criteria  used  In  this  evaluation  are  dlacuated  in  Section 

vm. 

A.  Functional  Tests 

The  functional  teet*  were  only  intended  to  bo  a  re¬ 
ceiving  and  Inspection  test  on  the  SSA  and  IRU.  These 
abbreviated  teat*  were  performed  upon  receipt  from 
th*  vendor'*  facility  and  were  dealgnod  to  exorcise  all 
subsystem  element!. 

B.  SSA.  Functional  Teste 

The  functional  teet*  were  reqult'od  to  check  that 
th*  SSA  Qimbal  Telescope  Assembly,  SSA  digital  de¬ 
tector,  and  the  SSA  Electronic*  Cabinet  wore  opera¬ 
tional.  These  teats  ware  performed  upon  rocslpt  of 
the  SSA  and  tta  associated  test  equipment.  The  tosts 
were  performed  manually  to  evaluate  the  operatlunal 
readiness  of  the  SSA  and  not  to  check  against  precise 
specification*.  After  the  as  Item*  proved  to  be  opera¬ 
tional,  th#  SSA  waa  Integrated  with  the  dnta  adaptor 
and  again  functionally  axerokaed,  thl*  time  under  com¬ 
puter  control,  using  the  diagnostic  programs, 

C.  IRU  Functional  Testa 

Th*  purpoe*  of  theee  teats  weret  to  validate  the 
IRU,  and  IRU  console  etatuei  to  calibrate  the  gyro 
■oale  factor)  and  to  determine  aoale  factor  linearity. 
The  teats  were  performed  upon  Initial  Intagratlon 
in  the  SPARS  laboratory  and  aa  a  diagnostic  checkout, 
The  tests  required  th*  IRU  console,  teat  cable,  stan¬ 
dard  laboratory  equipment  and  a  high  accuracy  angle 
Indicator  to  allow  positioning  of  the  IRU  In  the  wr- 
tlcal  plane.  After  a  visual  Inspection,  the  power-up 
sequence  was  checked  and  signal  characteristic*  veri¬ 
fied  to  and  from  the  unit.  A  calibration  of  the  gyro 
followed  with  data  being  recorded  for  conditions  oft 
(1)  X-axie  up,  (2)  X-axia  down,  (3)  Y-axls  up,  ( 4i 
Y-axis  down  and  (0)  X.-axIa  up. 


Rotation  rates  from  three  degrees  por  Mccuml  up 
to  five  times  earth  rate  were  used  In  the  determination 
of  gyro  ecale  factor  and  linearity.  These  text*  were 
performed  manually  and  the  data  was  reduced  using 
an  algorithm  supplied  by  the  IRU  vendor.  After  the 
IRU  proved  to  be  functional  and  the  result*  obtained 
were  comparable  to  those  of  the  vendor,  the  unit  was 
integrated  with  the  data  adaptor  and  functionally  exer¬ 
cised  under  computer  control  using  diagnostic  pro¬ 
grams. 

V.  STATIC  AND  CALIBRATION  TESTS 

The  SSA  etatlo  teet*  and  IRU  calibration  tests  were 
intended  to  check  the  performance  and  accuracy  of 
each  device  while  it  was  mounted  on  the  rate  table  In 
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VI.  DYNAMIC  TESTS 

Th*  dynamlo  tests  were  Inter.ded  to  evaluate  the 
performance  and  aoouraoy  of  the  SSA  and  IRU  eepa- 
rately  and  In  combination  (SPARS).  Theae  teste  were 
Intended  to  provide  confidence  in  the  performance 
evaluation  of  the  reepeotive  unita  aa  viewed  from  a 
syetem  level. 

A.  IRU  Dynamlo  Taati 

The  IRU  Dynamlo  Calibration  teat  organiaation  la 
sketched  in  Figure  3.  In  thia  case,  the  IRU  waa 
mounted  on  a  rotating  rate  table  and  gyro  pules  counta 
were  processed  into  estimates  of  the  three  axle  eye- 
tem  attitude  end  the  three  gyro  drift  biases.  The  pur¬ 
pose  of  thia  teat  waa  to  generate  gyro  drift  biae  esti¬ 
mates  in  a  dynamlo  environment.  Note  that  in  dynamic 
teats,  rate  table  speed  errors  caused  the  some  effect 
aa  the  vertloal  gyro  drift  bias  and  could  only  be  dis¬ 
tinguished  using  an  Independent  source  of  data  such  as 
the  atatlo  gyro  calibration. 

The  IRU  Open  Loop  teat  was  simply  a  Dynamic 
Calibration  teat  without  the  filter.  Such  a  test  is  a 
better  indication  of  gyro  drift  stability  than  the  Dynamlo 
Calibration  test  in  which  the  Kalman  filter  la  continu¬ 
ously  adjusting  attitude  and  drift  rats  compensation 
parameters. 

The  IRU  Dynamlo  Sensitivity  teat  was  similar  to 
the  Dynamlo  Calibration  testi  the  earns  filter  was 
uaedt  however,  the  treatment  of  rate  table  data  waa 
different.  Instead  of  simply  comparing  gyro  derived 
attitude  with  rate  table  derived  attitude,  as  is  done  in 
calibration,  the  sensitivity  test  used  rate  table  data 
to  simulate  the  noisy  outputs  of  the  eter  sensor. 

These  simulated  star  sensor  outputs  were  then  proc¬ 
essed  in  the  same  wav  ae  real  star  sensor  data  would 
havo  been  processed  in  a  full  SPARS  teat.  The  IRU 
Dynamic  Sensitivity  test  waa,  in  effect,  e  SPARS  teet 
with  a  elmulated  etar  sensor. 

mi’t  mai  istimatii 


Fig.  3,  IRU  Dynamlo  Calibration  Test 
B.  SSA  Dynamic  Taat 

The  SSA  Dynamic  Calibration  teat  provided  an 
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SSA  and  laboratory  calibration  tarried  out  under  u 
realistic  dynamic  environment.  That  l.i,  the  rule  tu 

ble  was  turning  end  the  SSA  wan  following  a  realistic 
itar  sighting  schedule.  Figure  4  shown  the  top  level 
organisation  nf  the  SSA  Dynamic  Calibration  lent. 

Rate  Table  data  updated  by  filter  oorroctlonu  wan  used 
to  generate  SSA  pointing  oommande.  The  Kalman  fil¬ 
ter  updated  a  group  of  laboratory  alignment  errors 
and  SSA  alignment  errors,  The  purpose  in  estimating 
these  errors  was  to  calibrate  the  SSA  and  the  labora¬ 
tory  in  order  to  reduce  the  effeot  of  such  errors  upon 
the  SPARS  test. 


Fig.  4.  SSA  Dynamic  Calibration 

Analysis  of  the  SSA  Calibration  teat  indicated  that 
the  following  nine  parameters  were  obeervable  or  en- 
timatable  from  a  single  etar  sighting  i 

1.  VX  -  X  component  of  attitude  error 

2.  +Y  -  Y  component  of  attitude  error 

3.  ^  2  •  Z  component  of  attitude  error 

4.  YBY  +  YPY  -  Y  component  of  baee  plate  to 

rate  table  mleallgnment  plus 
Y  component  of  SSA  pitch  axle 
mleallgnment. 

5.  YBX  +YRX  -X  component  of  beeeplate  to 

rate  table  rolsnllgjnment  plus 
X  component  of  SSA  rolt  axle 
mleallgnment. 


6 


YPX 

7.  YOY 

8.  YOZ 


9. 


ftp 


-  X  component  of  SSA  pitch  axle 
misalignment 

-  Y  component  of  SSA  optic  axle 
mleallgnment 

-  Z  component  of  SSA  optic  axle 
mleallgnment  star 

-  Simulator  azimuth  difference. 


The  ninth  parameter  wee  tl.e  difference  in  azimuth 
between  the  two  star  simulators  which  were  currently 
being  tracked.  Star  cchedules  used  in  thia  teat  Involved 
alternating  between  Btar»  one  and  three  during  the  first 
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the  3PARS  laborntory.  However,  due  to  the  com- 
preeeed  88A  test  schedule,  the  SSA  Clmbal  and  Servo 
tests  were  deleted  mid  the  associated  computer  pro¬ 
grams  were  not  generated.  Instead,  the  diagnostic 
program  was  used  with  as  increased  number  of  star 
sightings  and  longer  run  time  to  generate  SSA  static 
test  data. 

A.  MA  3tatlc  Tests 

The  basic  88 A  static  tcata  consisted  ot< 
s  Olmbal  Teat 
e  Servo  Teet 
s  Mapping  Teat 


Thla  test  was  designed  to  ascertain  gimbaling  in¬ 
tegration  and  accuracy.  The  MA  war  to  be  mounted 
on  the  rate  table  at  a  precisely  known  position.  With 
glmbtl  rata  command  at  aero,  the  proper  glmbal  posi¬ 
tion  command  would  be  sent  to  the  MA  to  drive  the 
talosoops  to  the  target  star  simulator.  After  the  MA 
had  indicated  star  presence,  the  glmbal  and  digital  de¬ 
tector  readouts  wars  to  be  read.  Several  passes 
would  be  mode  and  the  mean  value  uf  pitch  nod  roll 
glmbal  anglen  (or  each  star  would  bv  computed,  The 
LOS  to  each  star  simulator  would  be  determined  by  the 
mean  values  of  pitch  and  roll  and  then  compared  to  the 
known  orientation  of  each  atar  almuUtor.  The  star 
separation  determined  from  MA  measurement  would 
be  compared  to  the  known  separation.  This  procedure 
would  be  repeated  for  several  preclaely  known  rate 
table  positions. 

c.  HAftgyglMt 

The  purpose  of  this  teat  was  to  determine  the 
capability  and  accuracy  of  the  SSA  servo  In  response 
to  a  fined  rate  commend.  Thla  test  also  req> tired  the 
MA  to  be  mounted  on  a  stationary  rate  table.  The 
MA  would  he  driven  to  some  arbitrary  position  near 
Its  glmbal  limits  vis  s  computer  glmbal  angle  position 
command  with  the  glmbal  rate  commands  at  aero. 

When  the  SSA  waa  settled  into  the  command  position, 
(he  computer  would  laeuo  ■  glmbal  rata  command. 

After  allowing  a  period  for  the  MA  servo  to  acceler¬ 
ate  to  the  command  rate,  a  sequence  of  glmbal  position 
reading*  would  be  taken  and  time  tagged.  From  this 
data,  the  actual  servo  rata  would  toe  determined  and 
compared  to  the  commanded  rate. 

D.  MA  Manning  Teet 

A  so-called  mapping  teat  was  performed  to  deter¬ 
mine  whether  thers  were  any  arena  in  the  gray -coded 
digital  dev  foe  I  which  were  of  degraded  aoounoy . 
Thebe  taUfe  were  performed  by  Initially  aligning  the 


star  sensor  upon  a  star  simulator  so  that  a  zero  digital 
reading  was  measured.  One  glmbal  at  a  time  was  then 
moved  by  small  angular  Increments.  At  each  Incre¬ 
ment  both  glmbul  angle  and  digital  outputs  were  re¬ 
corded.  Those  recorded  values  were  then  compared! 
differences  In  the  digital  reading  and  tha  glmbal  angle 
Increment  were  ascribed  to  errors  in  the  gray-coded 
digital  device.  This  tost  was  performed  for  both  the 
pitch  and  the  roll  axes. 


V 
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The  purpose  of  the  IRU  taste  woe  to  give  confl- 
donee  and  a  data  beae  (or  the  IRU  and  BPARf  dynamic  '{ 
teat  software  and  procedures  A  stationary  rate  table 
allowed  Integration,  checkout,  and  debugging  of  the  ? 

8PAR8/IRU  software  and  hardware  lntarfaoe  In  an  en>  ] 
vtronmeat  which  minimised  the  number  of  error  j 

sources  and  equipment  synchronisation  problems.  t 


Thla  test  nlao  wee  used  to  Isolate  end  evaluate 
the  effeot  of  IRU  and  teet  equipment  error  souroes  on 
the  SPARS  filter  performance.  These  Inoludei 


e  Qyro  Was  errors 

e  Gyro  Mod  lug  (high  frequency  noise) 

e  Filler  Convergence  from  error  In  Initial  at¬ 
titude  angle  and  rate 

e  Pier  motion 

In  this  test  the  IRU  wee  mounted  on  a  stationary  rets 
table  positioned  to  one  of  the  four  cardinal  positions 
or  to  the  initlnl  starting  position  for  tha  SPARS  test. 
IRU  outputs  were  then  compered  with  the  static  rate 
table  position  to  determine  attitude  error.  Drift  rate 
was  determined  from  attitude  error  and  time  measure¬ 
ments.  The  drift  rale  measured  by  thla  teat  was  the 
drift  rate  of  the  gyro  plus  a  small  error  due  to  soft¬ 
ware  nnd  integration  errors. 


Data  for  this  lest  waa  stored  on  magnetic  tape 
aod  processed  off  lint  (non-reel  time)  by  e  Data 
Analysis  Program.  The  IRU  static  teet  utilised  the 
IRU  Dynamic  Calibration  Program  initialised  for  a 
static  case.  Date  exchange  occurred  through  tbs  data 
adapter  under  dbotrot  of  the  I  DM  70U4  computer  end 
was  stored  an  tape.  The  IRU  Data  Analysis  Program 
then  prooeseed  the  dt  t  off-line  allowing  n  common 
net  of  data  to  ha  prooasaed  by  various  gyro  and  filter 
models.  The  Data  Analysis  Program  oomptded  the  es¬ 
timate*  of  gyro  drift  rote  by  compering  the  siUtude  rate 
oi  change  as  determined  by  the  Kalman  filter  with  the 
attitude  rate  of  change  estimates  found  from  rat*  table 
data.  An  average  of  rm  drift  rata  errors  wee  com¬ 
puted  for  each  of  the  gyro  channels 
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half  of  the  'oaf  and  iilternnilng  between  stars  two  and 
lour  during  the  second  half  of  the  test.  Updates  tn 
these  nine  parameters  were  used  to  update  11  param¬ 
eters  ns  follows: 

(YBY)  1  +  1  -  (YBY)  1  +  1/2  8  (/BY  +  YPY) 

(YPY)  t  +  1  “  (YPY)  1  +  1/2  8  (YBY  +  rPY) 

(YBX)  i  +  1  -  (YBX)  1  +  1  '2  8  (YBX  +  YRX) 

<yrx)  i  + 1  *■  (rnx)  1+1/28  <ybx  +  yrx) 

<ypx)  t  + 1  -  <rpx)  1  +  Sypx 

<rOY)  t  + 1  -  <roY)  t  +  S  roY 

(YOZ) 1  +  1  « (YOZ) I  +8  YOZ 

(aj)  l  + 1  “  (i/J)  l  +  8  vi  (1  is  the  number  of  obser¬ 
vations) 

J  *  1,2, 3, 4 
where 


8a  1  »  +  8a 

When  itar  simulator  1 
provides  the  update 

8a3  ■  -  8a 

data. 

and 


8al  »  -  81/ 

When  the  update  la  de¬ 

rived  from  tracking  star 

8a3 - +  8a 

simulator  3. 

8a2  »  +  8a 

When  stur  simulator  2 

provide*  the  update 

8a4  *  -  8a 

data. 

8a2  *  -  8a 

When  star  simulator  4 

provides  the  updBte 

81.4  »  +  8a 

data. 

The  updated  estimates  of  attitude  +X,  ^Y,  tZ 
aleo  were  used  to  correct  star  simulator  position. 
Those  attitude  estimates  were  derived  from  a  sequence 
of  star  sightings  In  which  rats  table  mlaallgnments 
wore  lndletlngutihable  from  a  rotation  of  the  star 
pairs,  l.e. ,  a  rotation  of  stare  one  and  three  for  the 
first  half  of  the  test  and  a  rotation  of  stars  two  and  four 
for  the  second  half  of  tha  teat.  It  waa  deoldcd  to  apply 
the  Information  contained  in  the  estimate!  of  ^X,  ♦  Y, 
i'i  to  correcting  the  estimated  star  simulator  azimuth 
and  elevation  angles.  Those  corrections  wsre,  as 
suggested  above,  effectively  a  rotation  of  tho  star 
pairs.  With  the  addition  of  four  star  simulator  eleva¬ 
tion  unglee,  the  total  number  of  parameters  calibrated 
In  the  8SA  Dynamic  Calibration  became  18. 

The  Open  Loop  s3A  lest  differed  from  the  Dynamic 
Calibration  SSA  teat  by  virtue  of  not  using  a  filter.  It 


dtd,  however,  use  the  best  eBtImQtes  of  bias  errors 
generated  in  preceding  SSA  Dynamic  Calibration. 

Note  that  both  the  Closed  Loop  Dynamic  Calibration 
and  tho  Open  Loop  SSA  testB  used  rate  table  data  to 

compute  an  essentially  error-free  attitude  and  attitude 
rate.  The  pitch  and  roll  ltna  of  sight  residuals  ware 
then  due  only  to  SSA  misalignments,  SSA  random 
fluctuations,  and  star  simulator  misalignments.  (Rate 
table  misalignment*  were  indistinguishable  from  star 
simulator  misalignment*!  rate  table  read  out  errors 
wsre  small).  A  Kalman  filter  acted  upon  observed 
pitch  and  roll  residua1,  i  and  attempted  to  adjust  the  set 
of  state  variables  so  at  to  minimize  the  observed 
residuals.  To  evaluate  ths  SSA  Itself,  ths  filter  was 
deactivated  and  uncompensated  pitch  and  roll  resi¬ 
duals  were  analysed.  This  was  the  SSA  Open  L-op 
test,  It  was  ptrformed  aftsr  a  series  of  SSA  Dynamle 
Calibration  teats  In  ordtr  to  minimise  the  effect  of  all 
obaarvablt  bits  error*. 

The  Closed  Loop  Dynamic  Sensitivity  SSA  test  was 
similar  to  the  Dynamic  Calibration  In  that  the  rat*  ta¬ 
ble  data  updated  by  a  Kalman  filter  was  used  to  point 
the  SSA.  However,  the  filter  In  this  case  was  in*  regu¬ 
lar  SPARS  filter  rattier  than  tha  apodal  purpoes  SSA 
Dynamic  Calibration  filter  which  was  specifically  de¬ 
signed  to  oallbrat*  laboratory  and  SSA  bias  srrors 
Another  difference  la  that  rati  ibis  data  was  first 
processed  to  simulate  noisy  gyro  pulse  oount  data  so 
that  tho  regular  SPARS  gyro  processing  software  could 
be  used.  With  these  conditions,  tha  SSA  Dynamic 
sensitivity  teat  was  nothing  more  than  a  SPARS  test 
with  a  simulated  gyro.  The  purpose  was  partially 
validation  of  the  SPARS  software  and  partially  evalua¬ 
tion  of  BSA  hardware  In  a  reallatlc  SPARS  type  snvlron- 
ment. 

The  SPARS  dynamic  teat  mentioned  above  was 
similar  to  the  SSA  and  the  1R1J  Dynamic  3ensitlvity 
teats.  The  fundamental  difference  was  that  nil  real 
•ensora  were  used  In  the  SPARS  test.  In  thle  teat, 
rate  table  date  had  the  primary  funotton  of  test  evalua¬ 
tion.  The  &PARS  dynamic  test  was  tho  oulmlnatlon  of 
all  the  preoedtng  tests  and  was  the  prime  means  of 
demonstrating  system  ooncept  feasibility. 

VII.  COMPUTER  PROGRAM  STRUCTURE 

A  real  time  digital  oomputor  program  was  re¬ 
quired  not  only  to  Implement  the  SPARS  attitude  filter 
but  also  to  manage  the  collection  and  recording  of  test 
data.  This  waa  particularly  true  beoauao  of  the  pre¬ 
cis*  tlr..e  tagging  requirement*  which  resulted  from 
the  SPAR8  test  performance  goals.  Every  gyro  pulse- 
count,  every  SSA  angle  reading,  and  every  rate  table 
output  puls*  had  to  be  precisely  time  tagged  to  main¬ 
tain  attitude  computation  accuracy. 

The  SSA  required  pointing  commands  In  real  time 
and  therefor*  required  a  real  ttm*  teat  control  pro¬ 
gram.  The  only  real  time  program  required  for  IRC 
dynamic  teste  wa*  a  data  collecting  and  recording  pro- 


gram.  To  achieve  the  simplest  possible  IRC  dynamic 
test,  the  IRC  Dynamic  calibration  and  Open  Loop  tests 
were  designed  ns  u  non-real  time  progrant  which  rend 
a  tnpc-tccording  of  the  actual  rate  table  and  gyro  test 
output*.  There  were  only  two  real-time  test  pro- 
gramai 

•  SSA-SPARS  Teat  Program 

#  Data  Collection  Program 

These  programs  were  used  to  perform  tests  ai  out¬ 
lined  in  Figure  6,  The  post  tset  PRINT  program 
performed  tabular  and  plot  formatting  and  some  data 
processing  functions.  The  diagnostic  programs 
checked  the  data  flow  to  and  from  the  SPARS  hardware , 
the  data  adapter  and  the  computer.  Diagnostic  pro¬ 
grams  were  written  for  the  rate  table,  IRU,  and  SSA. 


the  orientation  of  a  body-mounted  coordinate  frtme 
relative  to  a  laboratory-fixed  coordinate  frame.  Ro¬ 
tation  of  the  rate  table  rotated  the  body  frnme  relative 
to  the  laboratory  frame. 

Attitude  ai  measured  by  the  laboratory  instru¬ 
mentation  was  the  direction  coelne  matrix  DCLAB. 
Attitude  meaeured  by  the  SPARS  Bystem  was  the  di¬ 
rection  coelne  matrix  DCSPR.  Each  of  these  direction 
ooelne  matrlcee  mapped  a  vector  from  the  laboratory 
to  the  body  frame  t 

V B  -  DCLAB  •  VL 

where  Vq  is  a  vector  in  the  body  frame  and  Vl  i»  the 
eame  veotor  in  the  laboratory  frame.  A  similar  rela¬ 
tionship  holds  for  DCSPR. 

The  matrix  DCLAB  la  given  by 

DCLABi.r  CASAOl  [  1  0  -  TAy' 

-BA  CA  0  0  1  -  TAX 

0  0  1  TAY  TAX  1 

Where  C  A  and  S  A  are  ths  cosine  and  sine  of  the  rate 
table  rotation  angle  respectively  and  TAX  and  YAY  are 
tho  X  and  Y  components  of  the  email  angular  tilt  of  the 
rate  table  axle  with  reipect  to  the  'l  or  vertical  axis  of 
the  laboratory  frame. 


Fig.  S.  Teet  Control  Program  Structure 

The  firet  etep  In  development  of  the  real  tlms 
laboratory  program  waa  writing  ths  rssl-tlms  oontrol 
program.  This  sxsoutlvs  program  waa  married  to  a 
previously  generated  equation  simulation  program 
which  included  simulated  IRC,  SSA,  end  Rate  Table 
to  produce  a  program  that  would  operate  in  reel  time. 
Ae  h  rlware  became  available,  the  elmulated  equip¬ 
ment  \  uh  replaced  by  reel  hardware,  Output  formats 
of  the  rcul-tl  ne  programs  pressntsd  significant  data 
In  tabula)  uni1 /or  graphlo  display.  Thse*  output 
format*  guve  Urns  histories  of  the  attitude  errors, 
gyro  drift  bias  estimates,  pitch  and  roll  residuals, 
eto. ,  as  well  os  performance  summaries  of  eaoh  test 
run  similar  to  that  produoed  In  the  poat  tsat  evalua¬ 
tion  program.  The  primary  output  even  tor  real  time 
tests  wai  gene  luted  by  the  poet  teat  PRINT  program. 


The  matrix  DCSPR  is  given  byi 

dcspr  «  (tq-qj-qg+q® )  a (q1«ja+q3q4) 

2(qlVW  2(q2q34qiq4) 

2(qlq3^laq4)  2(q2q3'qlV 

where  qj,  qg,  qg,  and  q4  are  the  components  of  the  at¬ 
titude  quaternion  generated  by  the  SPARB  system. 

The  difference  between  the  two  direction  ooelne  ma¬ 
trices  is  given  by  the  product  DCLAB  •  DCS  PR T  where 
T  denotes  the  transpose.  If  both  matrloee  ere  perfect 
{have  no  errors)  then  the  above  product  results  in  on 
Identity  matrix.  However,  If  there  are  email  errors 
In  either  or  both  of  the  direotion  ooaine  metrioes,  the 
produol  results  ini 


Attitude  error  was  defined  si  the  difference  be¬ 
tween  SPARS  attitude  meaeurud  by  ths  laboratory  DCLAB  •  DCSPRT  •  1  -i2  + +Y 

instrumentation  an  t PARS  attitude  as  estimated  by  tbs  1  -fX 

SPARS  system.  Attitude  In  turn  had  been  defined  ae  ~^Y  +^X  1 
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where  'f'X.  'J'Y,  nre  the  X,  Y,  and  Z.  components 
of  the  attitude  error.  *  Plots  of  these  component  er¬ 
ror*  are  shown  at  the  end  of  this  paper  and  In  the  ap¬ 
pendix  to  Toda  (IBID). 

Also  used  to  evaluate  the  attitude  error  ore  the 
(ample  »tatl»tlo»i 

1  N 

e  Mean  ■  tt  2  ’J'(l) 
w  1-1 

Where  ^(t)  Is  a  component  attitude  error  at 
the  1th  star  sighting 

e  Standard  Deviation  - 


matrix,  l  arge  ratio  erlterin  are  symptomatic  of 
either  Incorrect  error  models  lending  to  an  Incorrect 
covariance  matrix  or  of  Improper  system  operation. 

IX.  TE8T  RESULTS 

The  majoi  system  teat  error  contributor*  were 
rate  table  readout  error  and  star  simulator  line  of 
alght  instability.  Hate  table  readout  uncertainty  was 
on  the  order  of  .2  arc  second  one  ilgma  and  had  the 
same  affect  as  an  additive  white  noise  In  the  Z  (verti¬ 
cal)  gyro.  This  effect  Increased  the  apparent  noise  in 
the  Z  gyro  by  .  02  arc  aeoond  per  second  uilng  30 
second  sampling  Intervals,  Hate  table  rate  errors 
were  Insignificant.  Likewise,  there  was  no  perceptible 
Inatablllty  of  the  rate  table  axle  orientation. 


n  2 
£  (*(») 

l-l 


(Mean)*) 


1/2 


*  67  percent  point 


The  07  percent  point  la  the  error  level  which  ex¬ 
ceed*  67  percent  of  the  component  attitude  errors  in 
a  given  test.  These  three  statistics  were  applied  to  tho 
X,  Y,  and  t  component  attitude  errors  and  also  to  a 
•o-callod  BBS  error  measure! 


RSS(i) 


((*x(t)>: 


2  +  ('J'Y(l))2 


The  RSS(l)  term  Is  the  magnitude  of  the  attitude 
error  at  the  tth  star  sighting.  The  mean  of  the  RSS(I) 
terms  Is  perhaps  the  most  mennlngful  single  error 
measure  used)  this  term  give*  the  average  magnitude 
of  the  attitude  error  In  a  given  teat. 


Also  used  In  the  early  etngea  of  testing  was  n  ra¬ 
tio  criterion  given  by  i 


_L  T  RM(1> 
M  ”,  RMB(i) 


Where  RM9(i)  Is  the  square  root  ol  the  eatlmutlon  er¬ 
ror  covariance  matrix  Immediately  after  the  1th  up¬ 
date.  The  Integer  M  la  tho  number  of  update*  occur- 
lng  In  the  two  minutra  Immediately  preceding  the  ith 
update.  The  ratio  criterion  was  computed  at  two  min¬ 
ute  Intervale  and  plotted  for  the  duration  of  a  given 
tost.  This  parameter  gave  an  indication  of  the  actual 
error  performance  relative  tc  the  anticipated  error 
performance  ns  expressed  by  the  error  covariance 


Star  simulator  lines  of  alght  did  exhibit  inatablllty t 
shifts  over  a  forty  day  Interval  on  the  order  of  10  aro 
seconds  were  detected.  Shifts  of  4  arc  seconds  were 
noted  during  a  one  week  period.  It  wae  not  poeelble  to 
determine  whether  theee  shift*  were  due  to  instability 
of  the  (tor  simulator  Itself  or  were  caused  by  warping 
of  the  concrete  pier,  und  star  simulator  pedestal.  Long 
term  pier  orientation  In  atimulh  and  In  level  axes  wa* 
greater  than  five  arc  seconds  but  had  no  significant  ef¬ 
fect  upon  the  accuracy  of  gyro  compensation  for  earth  rate. 

Aa  discussed  earlier,  calibration  procedures  mini¬ 
mised  the  effect*  of  slowly  varying  misalignments,  but 
high  frequency  nolse-lika  laboratory  error  sourcee 
cauaad  the  teat  results  to  be  a  pessimistic  measure  of 
SPARS  performance.  Some  quantitative  evaluation  of 
this  effect  te  given  by  Toda  (IBID). 

The  Dynamic  Calibration  of  the  Star  Sanaor  failed  to 
achieve  eatlefaotory  results:  the  Kalman  filter  did  not 
generate  bias  parameter*  correction*  which  reduced 
line  of  eight  residuals  to  the  required  levels.  Subse¬ 
quent  Open  Loop  88A  tests  showed  large  residuals  Indi¬ 
cating  Incorreot  calibration  parameter*.  This  diffi¬ 
culty  wa*  at  first  attributed  to  large  error*  In  the  ini¬ 
tial  eatimatea  of  the  parameter*  being  calibrated.  It 
la  known  that  a  Kalman  filter  can  fall  to  converge  (aee 
Reference  3)  under  euch  circumstances.  To  avoid  this 
difficulty,  It  was  decided  to  perform  the  Dynamic  Cali¬ 
bration  test  using  an  Iterative  least  square*  algorithm. 
The  subsequent  failure  of  this  procedure  wa*  ssorlbed 
to  an  lnoorreot  orror  model.  Review  of  the  vendor 
calibration  procedure!  indicated  that  so  called  "gravity 
droop"  term*  were  not  correctly  utilised  In  the  Dy¬ 
namic  Calibration  teat  error  model.  Thesegravlty 
droop  terms  wero  meant  to  compensate  for  the  bending 
and  twisting  of  the  star  sensor  mounting  caused  by 


‘This  definition  of  attitude  error  correspond*  to  the  drift  orror  described  by  Koenke  In  Reference  (2).  In  this  pu- 
per,  Koenke  also  defines  a  scale  error  and  a  skew  error  which  are  related  to  the  fact  that  DCSPR  may  not  be 
orthonormal  when  tho  attitude  Integration*  are  performed  lu  a  direction  coetne  matrix  format.  In  tho  present  case, 
attitude  computations  are  performed  In  a  quaternion  format  which  Includes  periodic  normalisation  of  the  quaternion. 
Given  that  the  quarternlon  Is  a  unit  vector,  the  matrix  DC8PR  must  be  orthonormal  virtually  to  the  limit  of  word 
length  accuracy.  Thus,  scale  and  ekew  errors  arc  smell  and  were  not  evaluated  In  the  8PAR8  test. 


gravity  torque*.  The  effective  torque  varlee  with  tele- 
loop*  orientation,  whloh  In  this  cut  1*  roll  angle.  Thu* 
the  gravity  droop  term*  were  modeled  a*  misalignment* 
whloh  varied  aa  a  function  of  roll  angle,  4>  ■ 

fPY  -  V'PY1  !■  <^PYj  *ln  i 

+  ^PY3  ooe  <f> 

+  »/'PY4  *ln  2  ^ 

+  ^PY.  co»  2$ 

0 

Where  XPY  1*  the  Y  component  of  the  email  angle  whloh 
expreaaa*  the  pitch  axle  misalignment.  A  almllar  ex- 
preaaion  was  uaed  for  ypx,  the  X  component  of  mis¬ 
alignment  ot  the  pltcn  axla.  At  aero  roll  angle,  the 
^8A  pitch  axla  la  parallel  to  the  Z  or  vertloal  axla, 

1.  s  inltla'  incorrect  error  model  applied  gravity 
drc'p  tnrm*  to  YRX  and  YRZ,  misalignment*  of  the 
roll  xla.  Furthermore,  droop  term*  were  Initially 
predicted  to  be  on  the  order  of  10  to  16  arc  second*. 
During  calibration  u  became  apparent  that  droop  ef- 
iocta  were  An  order  of  magnitude  larger. 

The  droop  coefficients  were  derived  by  curve  fit¬ 
ting  to  calibration  data  which  were  generated  by  the 
vendor .  Because  of  the  large  magnitude  of  these  co¬ 
efficient!,  several  are  on  the  order  of  100  to  200  arc 
seconds,  oven  email  errors  in  the  droop  model  can 
have  serious  effects  upon  dynamic  teat  performance. 

Time  did  not  permit  derivation  of  a  satisfactory 
bending  model,  instead,  acceptable  Open  Loop  SSA 
performance  was  achieved  by  using  compensation 
term*  which  were  In  turn  derived  from  an  unaatls- 
fLCtory  Open  Loop  test.  The  procedure  used  was  as 
follows:  an  Open  Loop  test  waa  performed  and  pitch 
and  roll  residuals  were  recorded  for  each  star  sight¬ 
ing.  These  residuals  were  then  uaed  to  compeneate 
the  next  Open  Loop  teat  which  was  run  uatng  the  same 
star  sighting  schedule  and  the  same  rate  table  rate 
and  starting  angle.  The  previously  reeorded  residu¬ 
al*  were  then  uaed  to  compeneate  the  current  obser¬ 
vations.  At  each  star  sighting,  the  previously  re¬ 
corded  pitch  realdual  was  subtracted  from  the  cur¬ 
rent  pitch  realdual.  And  similarly,  the  previously 
recorded  roll  realdual  was  subtracted  from  th*  cur¬ 
rent  roll  realdual.  This  procedure  waa  repeated  to 
reduce  the  effects  of  random  nolse-ltk*  errors.  Resid¬ 
ual*  from  the  second  Open  Loop  test  were  multiplied 
by  a  less  than  unity  gain  and  added  tr  >e  previously 
recorded  compensation  term.  Between  threo  and  four 
Iteration*  were  required  to  aohlev*  a  stable  aet  of  com¬ 
pensation  terms. 

The  resulting  table  of  compensation  terms  waa 
uniquely  tailored  to  the  run  conultlooa  under  whloh 
they  were  derived,  1  i. ,  they  were  appropriate  to  a 
particular  star  ’ohedule  and  rate  table  schedule.  How¬ 
ever,  thle  procedure  was  found  to  give  good  reeults  In 


the  face  of  small,  100  arc  second,  Initial  attitude  er¬ 
rors  and  with  limit  cycles  of  ±16  arc  second*  per  sec¬ 
ond. 

The  table  of  compensation  term*  represented  a 
temporary  measure  whloh,  given  sufficient  time  and 
calibration  data,  would  have  been  replaced  by  an 
analytical  solution  of  the  bias  calibration  modeling  and 
estimation  problem.  Such  an  analytical  solution  had 
the  dear  advantage  of  not  being  limited  to  any  particu¬ 
lar  star  or  rate  table  schedule. 

Quantitative  reeults  of  the  SSA  Open  Loop  and 
SPARS  teats  are  given  In  the  claaalfled  Appendix  to 
Reference  (1)  using  both  the  table  of  compensation 
terma,  referred  to  aa  empirical  calibration,  and  the 
bias  compensation  terms  derived  from  least  squares 
estimation.  The  latter  la  referred  to  as  analytic  com¬ 
pensation.  Figure  6  shows  a  typloal  time  history  of 
E3A  pltoh  residuals  generated  from  a  Dynamic  Cali¬ 
bration  test  using  empirical  compensations.  The 
residual  amplitude  scale  has  been  removed  In  order  to 
avoid  classification. 

Figure  7  ahows  gyro  rate  data  from  an  Open  Loop 
Dynamic  Teat. 

A  typloal  SPARS  teat  result  la  shown  In  Figure  8, 
This  figure  oontalna  the  time  hlatorv  of  the  R88  atti¬ 
tude  error.  Aa  discussed  In  Section  vm,  the  RSS 
attitude  la  a  measure  of  tbs  total  three  axis  attitude 
error.  Angle  error  scales  have  been  removed  to 
avoid  classification.  Quantitative  data  are  ,-iven  by 
Toda  in  Reference  1. 

X.  CON  CLU  81QN8 

Tlila  paper  haa  described  the  philosophy  and  Im¬ 
plementation  of  a  laboratory  test  program  designed 
specifically  for  evaluation  of  the  SPARS  attitude  refer¬ 
ence  system.  In  addition  to  functional  and  static 
teats,  a  sequence  of  dynamic  testa  waa  used  to  evalu¬ 
ate  the  eyatem  components.  Difficulties  encountered 
In  the  Dynamic  Calibration  of  the  SSA  were  never 
fully  re  sol  vod  due  to  test  time  limitations.  However, 
alternate  calibration  procedures  allowed  aucoea-ful 
demonstration  of  ooncept  feasibility,  and  system  ac¬ 
curacy. 

The  Dynamic  Sensitivity  SSA  teat  was  not  con¬ 
ducted.  The  long  period  between  delivery  of  the  IRU 
and  dellve  -y  of  the  SSA  resulted  In  a  high  degree  of 
confidence  In  the  IRU  performance  prior  to  SSA  de¬ 
livery.  Given  this  confidence,  it  waa  deemed  un¬ 
necessary  to  perform  BPARS-like  testa  with  simu¬ 
lated  IRU  data,  *o  real  IRU  data  waa  uaed  Instead. 

The  Open  Loop  IRU  teat  wee  dropped  midway  throtyh 
the  teat  sequenoo  In  favor  of  a  special  output  format 
In  the  post  test  PRINT  program.  This  format  was 
designed  to  monitor  the  open  loop  drift  stability  of 
each  gyro. 
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Fig.  0.  Typical  SSA  Itynamlc  Calibration  Test 
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Fig.  7.  Open  Loop  Gyro  Test 
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ABSTRACT 

A  dual-spin  (Gyroatat)  vehicle  attitude  determination  and  control  ayatem 
concept  that  haa  the  potential  to  attain  1, 0  arcaae  pointing  accuracy  i*  pr*» 
aented.  Star  aanaor  and  bearing  technology  improvement*,  mlero-g  aeeal- 
erometer,  active  rotor  balancing,  and  onboard  data  proeaeaing  are  the  key 
control  eyatem  olamenta.  Preliminary  analyeia  and  almulation  data  eupport 
the  feasibility  of  attaining  the  performance  goal. 


INTRODUCTION 

Space  miaaion*  being  planned  for  the  near 
future  will  involve  aophiatlcated  payload*  auch 
aa  laaera  and  aurv*Ulanca  camera*  that  muat 
have  their  primary  functional  axia  determined 
and  controlled  to  within  1  arcaec  (33)  or  laaa. 
Progreaa  toward  thi*  preciaion  performance 
goal  ia  preaantly  being  achieved  through  the 
Orbiting  Aatronomical  Obaervatory  Program 
(Ref.  1)  hardware  technology  improvement*  and 
experimental  efforta,  and  a  variety  of  ayatem 
atudlea  (Ref*.  2  and  3).  Thi*  paper  preaent* 
the  reault*  to  date  of  a  Hughea  Aircraft 
Company  atv'y  that  ia  conaidering  the  ua*  of  a 
dual-* pinning  vehicle  (Gyroatat  ayatem)  a*  a 
bua  for  preciaion  performance  payload*.  The 
general  deaign  guideline*  and  conaidarationa 
are  given  firat,  followed  by  a  state-of-the-art 
Gyroatat  ayatem  performance  and  limitation 
diacuaaion,  preciaion  Gyroatat  ayatem  deaign 
and  performance,  hardware  implication*,  and 
tentative  concluaion*  and  comment*. 

DESIGN  GUIDELINES/CONSIDERATIONS 

A  aet  of  deaign  guideline*  haa  been  formulated 
baaed  on  Hughea  atudlea  to  generate  meaningful, 
practical  reault*  for  a  aerie*  of  apeclfic  con¬ 
cept*.  Therefore,  the  information  preaented 
will  be  applicable  to  many  particular  ayatem* 
conceived  during  the  1970'e. 

A  Gyroatat  configuration  with  a  platform- 
mounted  preciaion  payload  ia  placad  in  a  ayn- 
chronoua  atationary  earth  orbit  with  the  general 
requirement  to  maintain  payload  pointing 
accuracy  to  within  1 .  U  arcaec.  The  apacecraft 
ia  placed  on  atation  uaing  preaent  technique* 
with  an  attitude  uncertainty  of  100  to  200  arcaec 
(Ref  4).  Although  the  orbit  determination 
uncertainty  contribution  to  the  total  pointing 


Company -aponaored  preciaion  pointing  atudlea. 


error  haa  not  been  thoroughly  inveatigated, 

Ref.  5  indicate*  that  accuracy  comparable  to 
the  1.  0  arcaec  goal  can  be  achieved.  The 
atationkeeping  and  periodic  apacecraft  attitude 
correction*  required  to  compenaate  for  orbital 
drift*,  aolar  and  gravity  gradiant  torque*,  and 
other  envlronmentel  factor*  are  eeeumed  to  be 
determined  end  applied  independent  of  the  con¬ 
trol  concept*  presented  in  this  paper  end  com¬ 
patible  with  miaaion  requiramanta.  Refarencaa 
4  end  S  dlaeuss  recent  approach**  to  thla 
problem. 

The  payload  aanaor  muat  be  pointed  from  on* 
nominal  direction  to  another  (slew)  at  various 
times  during  the  miaaion.  Onoe  e  nominal 
pointing  direction  ha*  bean  attained,  1.  0  arcaec 
pointing  uncertainty  muat  be  achieved  and  main¬ 
tained  within  and  for  a  reasonable  period  of 
time.  In  general,  th*  ahortar  tha  (lowing  and 
transition  time*,  the  better  the  payload  duty 
cycle.  The  payload  motion  will  ba  provided  by 
the  normal  Gyroatat  platform  aaimuth  freedom 
and  a  payload  elevation  gimbal  ayatem  attached 
to  the  platform. 

The  payload  sensor  nominal  direction  varies 
continuously  to  correct  for  orbital  motion*.  It 
ia  assumed  that  these  slowly  varying  rate*  can 
be  programmed  in  an  open-loop  manner  with 
periodic  updating  and  that  preciaion  control  will 
not  be  degraded.  Similar  open-loop  computa¬ 
tions  oi  spacecraft  orbital  parameters  will  be 
performed  to  allow  for  a  common  reference 
system  for  the  target  and  opacecraft. 

An  Inertial  reference  eyetem  ii  poetulated  to 
enable  the  ipececraft  to  perform  accurate  point¬ 
ing  computation*  using  star  meaauremont*.  In 
addition,  celestial  references  aatiafy  the  desire 
to  detilgn  a  ayatem  which  can  be  aa  Independent 
of  ground  cooperation  (i.  e.  ,  autonomou  a)  aa 
practical, 
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Although  the  prime  function  of  the  Gyrostat 
platform  ia  to  aupport  and  control  the  payload 
sensor,  other  iteme  may  be  mounted  on  the 
platform.  The  moat  likely  candidate  ia  a  a  tear - 
able  communlcatione  antenna.  Sur.h  ayatema 
are  aaaumed  to  have  independent  control  mech- 
aniama  and  will  not  interfere  with  the  preeiaion 
pointing  performanea. 

The  deaire  to  generate  an  autonomoua  deaign 
leada  to  the  incluaion  of  onboard  computera  into 
the  control  loop.  Computer  technology  advancea 
applied  to  such  appllcationa  appear  promiaing 
not  only  in  terma  of  an  autonomoua  control  loop 
but  with  reapect  to  a  complete  autonomoua 
deaign  which,  in  cooperation  with  the  ground, 
can  adapt  to  many  unexpected  evente.  The  uae 
of  an  onboard  computer,  aa  in  the  cat  a  for  all 
componanta  of  the  control  loop,  muet  aleo  be 
evaluated  with  reference  to  reliability  (3  to  S 
yeara),  teatability,  weight,  power,  aite, 
tchedulea,  and  coata. 

BASELINE  GYROSTAT 

A  etate-of-the-art  Oyroatat  ayatem  will  be 
diacutaad  to  indicate  preeent  deaign  technology 
and  performance  llmitatlona  from  which  a  pre- 
ciaion  concept  la  developad.  Thia  baa  aline  ia 
extracted  from  Hughea  experience  with  the 
TACSAT,  Intelaat  IV,  and  varioua  Company 
efforta.  Figure  1  illuatratee  the  baeellne  with 
a  aimpllfied  payload  aenaor  and  key  control 
aubayatam  hardware  ltema  which  muat  be 
improved  or  added.  Table  1  summarize*  the 
performance  of  the  aignlflcant  contrlbutora  to 
the  total  pointing  budget.  The  errora  are  ahown 
aa  rotation  a  normal  to  and  about  (aaimuth)  the 
nominal  apin-axla  direction.  Although  the 
actual  payload  aenaor  errora  depend  on  ite  atti¬ 
tude  with  reapect  to  the  epacecraft,  the  total 
raa  errora  ahown  bound  the  aenaor  errora. 

The  rotor  unbalance  of  30  arcaec  la  due  to  the 
preeent  proflight  balancing  equipment  and  tech- 
niquea  utilized.  The  effect  ia  to  produce  a 
coning  motion  of  the  epacecraft  geometrical  axle 


about  the  nominal  deelred  epin  direction  at  the 
epacecraft  epin  frequency  (wobble). 

The  bearing  runout  phenomenon,  which  le  a 
deformation  of  the  deepin  coupling  mechanlam 
producing  an  elliptical  rather  than  a  circular 
bearing  race,  manifeeta  itaelf  aa  a  10-arcaec 
wobble.  Thia  limitation  ia  aet  by  preeent 
machining  technology. 

The  reaidual  nutation  of  50  arcaec  ia  a  reiult 
of  the  reaction  torque  acting  on  the  epacecraft 
during  platform  aaimuth  alewing.  Thia  figure 
haa  been  uaed  ae  an  upper  bound  rather  than  a 
3-arcaec  figure  aaeociated  with  ataady-atate 
conditlone.  Thia  limit  ia  determined  by  preeent 
epacecraft  maaa  propertiea  and  deapin  control 
ayatem  deaign. 

The  platform  jitter  of  40  arcaec  ia  the  only 
aignlflcant  contributor  to  aaimuth  motion*, 

Thia  error  ia  a  function  primarily  of  present- 
day  atar  aenaor  accuracy,  platform  rotor 
inatrumentation,  deapin  motor  torque  variation*, 
and  digital  control  quantisation. 

The  total  atabllity  error*  are  59  and  40 
arcaec,  3  0,  The**  totals  do  not  include  mis¬ 
alignment  of  the  payload  sensor  reference  axis 
with  reapect  to  the  common  spacecraft,  control 
system,  and  measurement  ayatem  axis.  Such 
alignment  errora  are  the  largest  contrlbutora  to 
the  overall  pointing  accuracy  budget. 

The  alignment  of  varioua  spacecraft  item*  is 
referenced  to  the  Gyrostat  platform-rotor 
coupling,  the  BAPTA  (bearing  and  power  trans¬ 
fer  assembly).  The  ltema  of  concern  include 
the  rotor-mounted  star  sensors,  which  experi¬ 
ence  initial  laboratory  installation  and  g-field 
misalignment*,  boost  phase  deflection*  and 
varying  in-orbit  deflection*  due  to  thermal 
gradient*;  BAPTA  spln-despln  mechanical 
deformation*;  and  BAPTA  azimuth  uncertainties 
between  spinning -despun  sections  due  to  electro¬ 
mechanical  instrumentation  misalignment.  The 
total  error  for  each  coordinate  for  this  class  of 
errors  is  100  arcaec. 


Figure  1.  Precision  Gyrostat 


Misalignment  of  the  payload  sensor  coordi¬ 
nate*  with  reapect  to  the  common  BAPTA 
reference  is  caused  by  similar  initial  laboratory 
misalignments,  g-field,  and  boost  deflections. 
Also,  thermal  deformations  are  significant 
error  aources,  and  this  include*  those  within 
the  payload  Itaelf.  Another  contributor  is  the 
uncertainty  in  the  elevation  gimbal  system, 
which  Includes  bearing  runout,  repeatability 
encoding,  and  other  fi.etor*  which  revolve  about 
present  technology  statu*  of  the  particular 
design.  The  total  payload  misalignment  error 
along  each  coordinate  is  100  arcaec.  The  3  0 
total*  of  all  the  error*  ahown  in  Table  1  ar*  1*1 
and  147  arcaec,  which  are  interpreted  a*  rea¬ 
sonable  state-of-the-art  pointing  accuracy 
limits. 

It  should  be  recognised  that  the  performance 
values  given  are  representative  only.  Many  of 
the  error  sources  could  be  reduced  if  the  eye- 


TABLE  1.  BASELINE  ERROR  BUDGET 


Error  Source 

1R. 

arc««c 

Azimuth, 

arct«c 

Limiting  Factors 

Rotor  static/dynamic  unbalance 

30 

_ 

Balancing  equipment  and 

(wobble) 

Bearing  runout  (wobble) 

10 

*0 

techniques 

Machining  limitations  on 

Residual  nutation 

SO 

bearing 

1)  Control  system  design 

Platform  Jitter 

transient, 

3 

steady -state 

0 

40 

2)  Lack  of  kay  seniors 

1}  Stsr  sensor,  10  arcsec 

3  0  res  total 

59 

40 

2)  Torque  variation 

3)  Digitising 

4)  Leek  of  ksy  sensors 

Alignment  with  respect  to 

100 

100 

1 )  Alignment  equipment 

BAPTA  reference 

1)  Star  sensor 

a)  Lab  equipment,  10 

arcsec 

b)  Boost 

c)  Thermal 

2)  BAPTA  spin  with  respect 
to  despin 

and  tschniquas 

2)  O-field  calibration 

3)  Thermal  gradient 
protection 

4)  BAPTA  design 

5)  MIP  design 

3)  MIP 

Mission  senior 

100 

100 

1)  Alignment  equipment 

1)  Lab  equipment,  10 

arcsec 

?.)  O field 

3)  Boost 

4)  Structure 

5)  Resolver 

3d  res  total 

1*54 

'147 

and  techniques 

7.)  G-field  calibration 

3)  Thermal  gradient 
protection 

tern  required  such  ft  de»lgn,  The  major  align¬ 
ment  error  eourcee  are  highly  dependent  on  the 
spacecraft  and  payload  aenior  itruetural  and 
thermal  characteristic*  and  are  aubject  to  much 
•  peculation.  It  li  not  clear  if  there  !•  any  defi¬ 
nite  correlation  between  total  alignment  errors 
and  itruetural  size,  but  atudlei  of  a  fewspociflc 
cases  indicate  that  large  configurations  prssent 
large  uncertainties.  If  large  payload  sensors 
are  Involved,  their  basic  pointing  limitations 


should  be  Investigated  early  in  the  program  to 
ensure  that  ths  remainder  of  the  spacecraft  sys¬ 
tem  Is  not  overdesigned,  especially  in  regard 
to  pointing  accuracy. 

PRECISION  GYROSTAT 

A  Gyrostat  control  subsystem  has  been  con¬ 
ceived  which  significantly  reduces  the  uncer¬ 
tainties  previously  discussed.  Figure  2  depicts 
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the  control  subsystem  date  flow  from  the  sen- 
aora  to  the  onboard  data  processor  to  the  final 
controllera.  The  components  shown  In  Figure  2, 
along  with  those  shown  In  Figure  1  which 
were  not  discussed  previously,  will  be  explained 
in  this  section. 

A  micro-g  accelerometer  le  mounted  on  the 
Cyroatat  platform  to  measure  Inertial  accel- 
orations  In  a  tangential  direction  and  plane 
normal  to  the  spin  axle.  This  orientation 
allows  three  major  components  of  acceleration 
to  be  monitored)  1 )  that  due  to  wobble  produced 
by  rotor  unbalance  and  BAPTA  bearing  runout, 
2)  Induced  nutations  resulting  from  platform 
motions  and  cutside  disturbances,  and  3}  tan¬ 
gential  accelerations  resulting  from  platform 
torquing  via  the  despin  control  motor:,  Tt.e 
accelerometer  signal  is  operated  on  by  the  date' 
processor  to  remove  the  three  acceleration 
components  and  estimate  the  wobble,  nutation, 
and  despin  torque.  The  wobble  Information 
used  to  drive  a  mass  transfer  deviceivhlch 
balances  the  rotor,  thereby  reducing  the  Initial 
rotor  unbalance  and  effective' rotor  unbalance 
due  to  bearing  runout. 

The  nutation  data  are  used  by  tne  despin  con¬ 
trol  motor  to  null  the  spacecraft  nutation. 
Present  dyrostat  system  designs  control  nota¬ 
tion  via  the  despin  motor  but  do  not  derive 
nutation  data  from  accelerometer  measure¬ 
ments.  Instead,  relative  platform-rotor  posi¬ 
tional  data  are  the  source  data,  master  index 
pulse  (MIP). 

The  platform  tangential  acceleration  result¬ 
ing  from  despin  motor  torquing  allows  torque 
jitter  to  be  sensed  immediately  and  damped  by 
the  control  loop.  Present  designs  are  limited 
in  control  accuracy  by  the  jlttur. 


The  rotor-mounted  s‘ar  sensor  provides  data 
which  allow  inertial  attitude  determination  and 
control  to  be  accomplished.  The  accelerom¬ 
eter  cannot  provide  eueh  date,  The  star  data 
are  Used  by  the  data  pr ocessor  to  generate 
reference  pointing  directions  for  the  platform 
aeimuth  control' and  payload  eaneor  loops. 

Also  involved  in  theta  computations  are  ground- 
generated  orbital  end  coordinate  syetem  data, 
target  pointing  data,  and  payload  tensor  eleva¬ 
tion  position  (resolver /encoder)  data. 

Since  the  control. system  concept  presented  to 
this  point  he  V not  accounted  for  the  primary 
acci'.r a?y  uncertainty  due  to  deformations 
between'  he  payload  senior  primary  axis  and 
the  spacecraft,  reference  system,  an  additional 
feature  must  be  included. ,  It  is  assumed  the 
payload  lenrur  has  star  tensing  capabilities 
end  can  be  used  periodically  to  view  various 
itarr  and  thereby  allow  the  eystem  to  be  celi- 
Uretfd.  .  The  deviations  between  the  actual  star 
position#  .n'd  estimated  position*  a»  seen  by  the 
pavUad  sensor  r.llow  for  the  misalignment 
o*,.>een  tot'statH  reference  frame*  to  be 
octerminvl  end.  taken  into  account.  The  effec¬ 
tiveness  of  the  calibration. procedure  depends 
on  mission  constraints)  spacecraft  particulars, 
'.rtd.V.lyload  deevxn  .  If,  for  example,  the  sye- 
iem  cenhoVv  calibrated  dften  enough  because 
of  main  mission  pointing,  duty  cycle  require¬ 
ments,  structural  deformations  caused  by 
•fco«r.'el  gradients  V  ay  result  in  excessive 
pointing  uncertainties.  In  general,  a  design 
concept  bated  on  the  approach  presented  should 
provide  the  t,n-orbit  flexibility  to  allow  the 
vehicle  characteristics  to  be  evaluated  during 
the  initial  mission  phases  and  then  provide  for 
modification  of  the  mission  operations  and 
spacecraft  design  perimeters. 
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Figure  2.  Precision  Gyrostat  Control  System 
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In  addition  to  the  items  discussed,  Figure  l 
indicate*  that  the  sensor  complement  include* 
earth  and  eun  eeneor*  which  function  in  a  con* 
ventional  manner  prior  to  the  initiation  of  a 
procieion  pointing  phaee.  Aleo,  the  control 
subsystem  mutt  have  provieion*  for  accepting 
ground  command*  and  providing  telemetry  data. 


The  evaluation  of  the  precieion  pointing  per* 
formance  and  the  feaaibility  of  implementing  the 
control  eubeyetem  i*  being  accomplished  by 
mean*  of  a  variety  of  approach**.  Table  2  la 
an  error  budget  for  the  precision  Gyrostat  per¬ 
formance  using  the  same  format  a*  Table  1. 

The  value*  presented  were  obtained  primarily 
from  the  application  of  conventional  determin¬ 
istic  and  stochastic  servo  loop  analysis  to  the 
anticipated  attainable  hardware  performance 
during  the  next  few  years. 

Rotor  unbalanc*i  0.  1  arceaci  is  dependant  on 
the  estimation  accuracy  and  mass  transfer 
device  performance  limit*.  The  mass  transfer 
device,  based  on  a  fluid  transfer  design  being 
developed  at  Hughes,  is  judged  to  be  the  limit¬ 
ing  factor. 

Bearing  runout,  0.  1  arcsec,  is  based  un  the 
assumption  that  the  significant  bearing  runout 
error  occurs  at  the  epin  frequency  and  mani¬ 
fests  itself  as  an  "effectivo"  rotor  wobble. 

This  assumption  is  supported  by  past  tests  and 
studies  plus  current  in-depth  BAPTA  studies. 
Testa  ere  presently  being  conducted  on  BAPTA 
unit*  which  should  provide  bettor  understanding 
of  thi*  error  source.  Therefore,  within  the 
correctness  of  this  assumption,  the  uncertainty 
1*  limited,  as  in  rotor  unbalance,  to  the  per¬ 
formance  of  the  mass  transfer  system. 

Attainment  of  0.  1  arcsec  residual  nutation 
requires  a  significant  platform  product  of 
inertia  to  allow  effective  despin  control  system 
damping  of  nutation.  Thi*  requirement  pre¬ 
sents  no  significant  problem  in  general;  but,  if 
a  particular  design  cannot  provide  this  feature, 
other  type*  of  active  nutation  control  can  be 
invoked. 

Platform  Jitter,  1 . 0  to  2.  0  arcsec,  is  a 
result  of  incorporating  accelerometer  feedback 
to  directly  damp  random  torques,  and  upgrading 
star  eeneor  measurement  uncertainties  to 
within  1  arcsec  or  leas.  The  confidence  in 
obtaining  this  performance  is  based  on  recent 
vendor  diecuewiona  of  flight  proven  micro-g 
accelerometers  (Ref.  6)  end  star  sensors  end 
Hughe*  hardware  developments  of  similar 
items.  A  reduction  in  the  Gyroetet  rotor  epin 
speed  further  improves  the  star  sensor  meas¬ 
urement  accuracy.  The  performance  eleo 
requires  digitsl  control  electronic  impiovem  nts 
(finer  quantiaetlon)  which  could  be  considered 
state-of-the-art  end  therefore  not  requiring 
major  advancements.  The  resultant  Sc  sta¬ 
bility  error  le  0.  18  erceec  end  1.0  to  2.0 
arcsec  for  the  two  coordinates  defined 
previously. 


As  discussed  previously,  the  remaining  error 
sources  are  dspendant  on  tha  particular  systsm 
dasign  and  may  limit  pointing  accuracy  unless 
special  technlquaa  are  employed.  The  I.  0 
erceec  value*  listed  assume  that  the  payload 
•  enaor  can  meaaure  etar  direction*  periodically, 
and  these  data  are  used  to  calibrate  the  system. 
For  example,  if  the  star  measurements  ware 
noise  free,  measurements  would  be  required 
every  10  minute*,  aeaumlng  that  tha  alignment 
error  waa  due  to  a  thermal  gradient  deforma¬ 
tion  with  a  nominal  rata  of  60  arceee/hour 
estimated  to  within  10  percent,  Since  measure¬ 
ment*  ere  not  perfect,  the  calibration  interval 
would  be  lee*  than  10  mlnutee.  Also,  t.vo  or 
more  stars  with  acceptable  angular  separa¬ 
tions  would  probably  be  required.  The  eignifi- 
canoe  of  such  s  calibration  procedure  is 
strongly  dependent  on  tha  payload  eeneor  pri¬ 
mary  mission  constraints. 

Aside  from  thermal  gradient  and  star  msas  - 
ursmcnt  errors,  there  era  errors  such  as  pay- 
load  elevation  gtmbel  bearing  performance 
uncertainties,  payload  structural  bending  and 
elevation  angle  measurement  error*.  Thee* 
errors  are  especially  significant  for  large 
payload  sensors. 

Another  important  problem  arise*  if  the  pay- 
load  cannot  nenan  star*.  One  approach  is  to 
eutocolllmate  between  the  rotor-mounted  etar 
sensor  and  payload  senior,  but  this  presents 
difficult,  if  not  lmpoaelbls,  mechanisation 
problem*  because  of  the  platform-rotor  rela¬ 
tive  motion.  Mounting  of  star  sensor*  on  the 
platform  or,  even  more  desirable,  attaching 
•ter  eeneore  directly  to  the  payload  senior, 
may  be  the  solution.  This  aleo  lead*  to  the 
possibility  of  eliminating  the  rotor-mounted 
etar  sensor  if  the  dr  ta  rates  and  accuracy  of 
tha  platform  Instrumentation  are  adequate. 

The  final  value*  listed  in  Tebl*  2  are  the  total 
payload  tensor  pointing  accuracy  valuee  of  1.0 
and  1.4  to  2.  2  arcsec  (3o). 


To  obtain  a  high  degree  of  confidence  in  pre¬ 
dicted  system  performance  prior  to  total  sys¬ 
tem  preflight  teeting  and  actual  Inflight  results, 
it  is  generally  agreed  thet  a*  detailed  a  com¬ 
puter  simulation  ae  practical  should  be 
developed,  The  simulation  will  allow  the  beet 
hardware  data  and  their  complex  interaction  to 
bn  studied  and  evaluated.  Toward  this  goal,  a 
simulation  is  being  developed  which  presently 
utilises  e  linearised  stochastic  model  of  the 
Gyrostat  end  lte  control  eystem  (eee  Appendix 
for  details).  Presently,  eimulatlon  results  are 
giving  added  confidence  to  the  precieion  pointing 
control  system  concept  presented  being  able  to 
achieve  the  performance  indicated  in  Table  2. 
The  system  is  assumed  to  begin  operation  at  the 
completion  of  a  somewhat  coaree  acquisition 
mode,  and  estimate  and  control  payload  sensor/ 
spacecraft  attitude  through  to  a  final  regulation 
phase.  Ail  significant  parameters  are  estimated 
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TABLE  .1.  PRECISION 


ERROR  BUD OFT 


Supporting  Factor* 

1)  Eitimate  wobble 

a)  Studioi 

b)  Simulation* 

2)  Man  transfer 

a)  Fluid  tyatem 

b)  Mechanical  device* 

1)  Hardware  advance* 

2)  Eitimate  wobble 

3 )  Teata/atudiea 

4)  Maa*  tranifer 

1)  Eitimate  nutation 

a)  Stud  in  i 

b)  Simulation* 

2)  Deipin  control/platform  product  of 
inertia 

2)  Active  nutation  control 

1)  Accelerometer  feedback 

2)  Star  aenaor,  l.Oarcaec 

3)  Finer  digital  quantieation 

4)  Studlea/aimulationa 

1)  Star  data  every  10  minute*,  <10 
*econd*  accuracy,  O0  *ec/hr 
thermal  deflection  *10  percent 

2)  Poaitlon  million  *en*or 

3)  Thermal  protection)  blanket*, 
heater*,  heat  pip**,  and  mounting 

4)  Upgrade  alignment  equipment  and 
technique* 

5)  G- field  compeniatlon 


and  all  control*  exercised  continuously  in  an 
acceptable  manner, 


Figure*  3  and  4  are  plot*  of  th«  actual  and 
estimated  (pacecraft  inertial  transverse  attitude 
and  platform  ealmuth,  reapectlvely,  The  trena- 
ver*e  attitude  bia*  reeult*  from  model  error* 
which  will  b*  eliminated.  The  *y*t*m  *how* 
convergtnce  to  within  a  few  arcaecond*  in 
approximately  40  ascend*. 

Figure  S  i*  a  plot  of  the  angular  rat*  aaeo- 
cieted  with  the  tingle  trantvere*  axle  attitude 
hlttory  given  in  Figure  3.  Figure  6  la  a  plot  of 
the  unbalance  in  a  tingle  plan*  of  the  rotor. 

Figure  7  thowa  the  baaic  accelerometer  out¬ 
put  tignal  with  wobble,  nutation,  and  proeaea 
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Figure  3,  Tranavera*  Attitude  Response 


and  measurement  noiae  components.  The 
accelerometer  aignal  include*  the  three  com¬ 
ponent*  previously  dlacutted  plua  random  proc- 
et*  and  maaaurement  noiae. 

It  1*  anticipated  that  in  actual  opa ration  the 
control*  would  be  exerclted  in  atepai  fi.  it, 
aatimat*  and  damp  the  nutation;  then,  eatimate 
the  wobble  and  balanct  the  eyitam;  and  then, 
operate  the  nutation  and  aiimuth  control  loop. 
Thia  approach  may  reault  In  the  u*e  of  a  time 
invariant  eatimater  and  controller,  which 
simplifies  data  yocaaeing.  Alao,  th*  aatlma- 
tion  might  only  us*  accelerometer  data  prior 
to  controlling  platform  aaimuth. 

Although  th*  simulation  result*  give  added 
confidence  to  obtaining  th*  deeired  precision 
performance,  much  remains  to  be  dona  in  the 
simulation  area.  Effort  is  presently  under  way 
to  derive  a  complete  detailed  Qyroetat  simula¬ 
tion  (include*  nonlinaaritlaa)  with  a  practical 
eatimater  and  controller  mechanisation.  In 
addition,  a  atar  data  procaaaing  algorithm,  a 
detailed  misaion  profile,  and  environmental 
disturbancei  will  be  Incorporated. 

HARDWARE  CONSIDERATIONS 

Although  th*  anelyai*  aspect*  of  th*  preciaion 
Qyroetat  concept  are  given  major  emphasis  In 
this  paper,  they  should  not  overshadow  th* 
formidable  hardware  technological  aapacta 
involved  In  precision  pointing  In  the  l-s*cond 
region.  The  following  la  a  aerie*  of  summary 
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comments  (or  each  of  the  key  hardware  Items 
of  concern  to  the  preciilon  Gyrostat  (yitom 
deaign. 

Mlcro^Accelerometer 

The  platform-mounted  accelerometer  mutt  be 
eeneltlve  to  a  range  of  10*3  to  10* "  g  and  pro¬ 
vide  a  digital  output,  A  mlero-g  accelerometer 
tatlefylng  theee  groee  requirement*  ha*  been 
flown  during  the  pa  it  few  year*  (Ref.  6),  It* 
measurement  accuracy,  weight  power,  alee, 
and  cotte  all  satisfy  tentative  requiremente. 

It*  reliability  for  a  3  to  S  year  mission  look* 
good  but  has  yot  to  be  demonstrated. 

Bearing  and  Power  Tranefer  Assembly  (BAPTA) 

Advanced  technique*  are  required  to  provide 
a  despln  bearing  joint  that  will  reeult  in  motion 
errors  (wobble  and  noise)  of  the  despun  plat¬ 
form  lee*  than  1. 0  arcsec  in  magnitude. 

Hughes  is  currently  developing  a  dospin  bearing 
assembly  which  analysis  indicates  will  result 
In  motion  errors  no  greater  than  10,0  arcsec. 
Recent  analyele  revealed  that  motion  errors 
could  be  reduced  to  approximately  3. 0  arcsec 
using  techniques  similar  to  thus*  employed  in 
the  referenced  bearing  assembly,  but  with  a 
bearing  spacing  of  20  inches, 

Data  Processor 


It  is  estimated  that  the  star  data  processing 
estimates  controller,  open-loop  orbital  and 
coordinate  computations,  and  other  control 
system  functions  can  be  performed  by  an 
onboard  general-purpose  computer  having  8,000 
to  10,  000  words  of  memory  (24  bits/word),  The 
flight -proven  Unlvac  1824  appear*  to  eatisfy 
thee*  end  control  loop  rat*  computational 
requirements  (Ref.  7).  The  weight,  power, 
siae,  etc.,  are  reasonable  for  incorporation 
into  an  onboard  system. 

Star  Sensors 

A  slit -type  star  sensor  has  been  developed  at 
Hughes  for  us*  on  the  Gyrostat  system.  It  is 
estimated  that  a  measurement  accuracy  of  a 
few  arcseconds  can  be  achieved  through  design 
improvements  and  rotor  spin  speed  reduction* 
(20  rpm).  Discussions  with  Control  Data 
Corporation  personnel  also  support  these 
conclusions. 


lems,  but  the  same  ie  not  true  of  payload 
sensor  calibration,  The  calibration  pro¬ 
cedure  is  highly  dependent  on  mission  and 
spacecraft  design  and  will  probably  require 
an  investigation  phase  early  in  the  mis¬ 
sion.  In  general,  payload  sensor  limita¬ 
tions  should  be  thoroughly  understood 
before  the  control  system  design  phase. 

*  Use  of  a  payload  sanjor  with  star  sensing 
capability  reduces  the  calibration  prob¬ 
lem  and  could  simplify  the  Gyrostat  con¬ 
trol  system  (no  rotor -mounted  star 
sensor). 

•  Precision  pointing  designs  will  require 
many  advances  in  technology  and  a 
detailed  investigation  of  those  effects  that 
formerly  have  been  considered  ae  con¬ 
tributing  insignificant  effects  on  pointing 
accuracy.  Also,  complete  system  simu¬ 
lation  based  on  hardware  tast  data  and 
practical  control  system  design  are 
recommended. 
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APPENDIX 

A  digital  computer  simulation  of  a  precision 
Gyrostat  system  being  developed  at  Hughes  Air¬ 
craft  Company  is  described  in  this  appendix, 

Gyrostat  Equations  of  Motion 

The  linearised  equation*  of  motion  for 
a  Gyrostat  in  inertial  coordinates  are; 


1  I  _  =  transverse  moments  of 

1  inertia  of  the  entire  space¬ 

craft  about  the  spacecraft  eg 

1-  «  spin  axis  moment  of  inertia 
of  rotor 

ft  ■  spin  rate  of  rotor 

Q.,  Q,  »  unbalance  parameter*  of  the 
1  t  rotor  which  includes  effec¬ 
tive  bearing  wobble 

T  »  control  torque  about  bearing 
m  axis 

T.  +  w(t)  »  friction  torque  of  bearing; 

D  (T.  ■  unknown  mean  value 

and  w(t)  ■  randomly  vary¬ 
ing  torque  noise  -ae  turned 
whits) 

In  order  to  completely  describe  vehicle 
motion,  the  following  equations  are  necessary; 

\  ^  (i  ■  x,  y,  t)  (2) 
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Q  j  sin  ftt  *  cos  ft  t 
Tm  +  Tb  +  w<‘> 


Qt  »  ut  (i  *  1,  2) 


Tb  •  0 


where  i it  are  the  rates  of  mats  transfer  in  an 
active  balancing  control  system  on  the  rotor. 
Equations  (1)  through  (4),  in  general  state  space 
are  (using  Ref,  8  notation); 


x  ■  Fx  +  Gu  +  i  w 

where 

x «  r  e_  i  u  •  r 


1/ ,  I I. , ,  1  ac  *  spin  inertia  and  cros*  prod- 
ucte  of  Inertia  of  the  deapun 
platform  about  spacecraft  eg 


w  ■  friction  torque  noiae  effecting  tii 

x.  y.  b 

F,G,  r  ■  m»trlc«»  derived  from  Eqa,  (1) 
through  (4) 

Meaaurement  Function 

Tht  rotor -mounted  atar  aenaor  and  platform- 
mountad  accalaromttar  output •  are  linear  com¬ 
bination*  of  the  ayatem  atate  plua  addltiv* 
meaauvement  noiae  formulated  an 


a  ■  Hx  +  v  (6) 


where 


id  '  «  «  with  u  and  w  component* 

Xi  y.  a  x,  y,  a 

removed 

r  ■  tnortlal  component*  of  accelerom- 

'  ’’  eter  poaitlon 

v  ■  noiae  component*  aaaoclated  with 

*•  Y>  *  6  . 


It  1*  aa Burned  that  8  _  are  available  once 

each  apin  period  a*  the  output  from  a  atar  data 
proeeeaing  algorithm  and  that  the  accelerom¬ 
eter  data  are  continuope.  Hi*  obtained  from  thl* 
information  and  a  aubatitution  of  Eq.(S)  into  the 
acceleration  expreaaion.  It  ahould  be  noted 
the  acceleration  expreaaien  doe*  not  preaently 
include  epacecraft  eg  miealignment  with  reepect 
to  the  apin  axia.  Analyaia  ha*  ehown  thi*  term 
can  be  incorporated  in  a  linear  earn*. 

Eatimater/Controller  (Ref,  8) 

A  Kalman  filter  ha*  been  mechanieed  for  the 
eatimater.  A  eontinuou*  rapraeentation  it 
uaed  with  proper  provlaion*  for  aampled  data. 
The  controller  ia  baaed  on  the  uae  of  a  quad¬ 
ratic  performance  index.  Thia  mechani cation 
la  aulted  to  the  time -varying  characterlatlc*  of 
the  ayatem. 


ATTITUDE  DETERMINATION  PERFORMANCE  POTENTIAL  FOR  A  YAW -SPIN  SATELLITE 
PART  ONE:  FORMULATION  OF  THE  ESTIMATION  EQUATIONS 


J.  E.  Leslnskl 
Electronic*  Division 
The  Aerospace  Corporation 
LI  Segundo,  California  90245 


ABSTRACT 

A  computational  algorithm  is  developed  for  precisely  eetimat- 
ing  the  attitude  of  an  orbiting  spacecraft  from  data  provided  by  a 
body-fixed  star  telescope.  The  algorithm  is  designed  for  application 
to  a  particular  satellite  configuration  ••  namely,  a  spinning  satellite 
that  has  its  spin  axis  nearly  aligned  with  the  local  vertical  and  that 
has  an  internally  mounted  reaction  wheel  which  approximately  can¬ 
cels  Its  spin  component  of  angular  moment. 

The  paper  is  divided  Into  two  parts.  Part  One  presents  a 
development  of  the  attitude  estimation  equations,  Particular  atten¬ 
tion  is  given  to  the  selection  of  an  efficient  set  of  coordinate  systems 
to  define  the  problem.  The  philosophy  underlying  the  algorithm 
development  represents  an  attempt  to  obtain  a  potontial  for  high 
attitude  estimation  accuracy  by  providing  the  estimator  with  accu¬ 
rate  models  of  the  problem.  The  attitude  estimation  algorithm  is 
bated  upon  the  Kalman  filtering  technique  developed  for  linear 
systems,  but  uses  nonlinear  state  prediction  equations  and  a  non¬ 
linear  measurement  model.  The  dynamic  characteristics  of  the 
particular  satellite  configuration  are  exploited  in  the  development 
of  an  approximate  closed-form  solution  for  the  satellite  motion 
which  is  utilized  for  the  filter  state  prediction  equations. 

Part  Two,  a  classified  supplement,  presents  numerical 
results  assessing  the  attitude  estimation  performance  potential. 
These  results  were  obtained  from  a  digital  computer  simulation 
that  contains  a  detailed  simulation  of  the  actual  spacecraft  motion 
as  Influenced  by  the  operation  of  the  attitude  control  system  and 
external  torques,  a  simulation  of  the  star  sensor  measurement 
process,  and  a  simulation  of  the  attitude  determination  algorithm. 


I.  INTRODUCTION 

This  paper  treats  the  implementation  of  an 
algorithm  to  provide  continuous  "realtime"  esti¬ 
mates  of  the  attitude  of  a  particular  satellite  rrom 
measurement  data  provided  by  a  star  telescope 
fixed  to  the  satellite  body.  Star  sensor  measure¬ 
ment  data  are  transmitted  in  realtime  via  a  te¬ 
lemetry  link  to  be  processed  in  a  ground-based 
computational  facility. 

The  spacecraft  configuration  of  interest  is 
shown  in  Fig.  1.  This  vehicle  spins  about  its 
yaw  axis  at  a  nominal  rate  of  6  rpm.  A  constant 
speed,  internally  mounted  reaction  wheel  is  pro¬ 


vided  to  approximately  cancel  the  spin  axis  com¬ 
ponent  of  the  total  angular  momentum  so  that  the 
spin  axis  can  ».«•  processed  at  orbital  rate  and 
maintained  in  close  alignment  with  the  local  ver¬ 
tical.  The  satellite  is  designed  for  operation  at 
synchronous  altitude. 

An  active  attitude  control  system  (ACS) 
employing  gas  jets  is  utilized  for  spin  axis 
pointing  control  and  for  trim  of  the  residual  an¬ 
gular  momentum.  Attitude  pointing  error  signals 
are  obtained  from  a  single  horizon  sensor  which 
continuously  scans  over  an  angular  region  of 
space  that  contains  the  earth  edge.  Periodical 
'  sampling"  of  the  horizon  sensor  four  times  per 
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CONTROL  JETS  .  i 
(SPIN  SPEED  ' 
ADJUSTMENT  AND 
PITCH  ATTITUDE) 

STAR  SENSOR^ 


—SUN  SENSORS 
SOOT  PITCH  AXIS 


'''SOOT  ROLL  AXIS 
HORIZON  SENSOR 


Fig.  1.  Spacecraft  Configuration 


•pin  cycle  yleldi  two-axle  pointing  error  Infor- 
matlon.  A  tun  sensor  provide*  a  timing  pulse 
which  ia  used  to  synchronize  the  horizon  ienaor 

•  ampling  time*  and  the  control  Jet  firing  ttmei. 
Figure  2  Illustrate*  the  operation  of  the  horizon 

•  en*or.  The  time  tQ  represent*  the  syr.ehroni- 
zation  pulse  produced  by  the  *un  sensor.  The 
figure  illustrates  the  location  of  the  horizon  sen¬ 
sor  scan  regions  at  the  four  sampling  times  ti 
through  t  .  The  pitch  control  jet  firing  time* 


SPACECRAFT 
i  SPIN 


Con  problem,  and  thus  are  omitted  from  the  dis- 
cussion  herein.  The  operation  of  the  attitude 
control  eyntem  does,  however,  represent  a  ma¬ 
jor  effect  to  be  considered  in  the  Implementation 
of  the  attitude  estimator.  In  order  that  the  com¬ 
putational  algorithm  can  make  some  provision 
for  the  effects  of  ACS  operations,  the  following 
data  are  telemetered  to  the  computational  facility: 

1.  Control  jet  valve  driver  input  pulses 
(jet  on  and  off  times) 

2.  Reaction  wheel  tachometer  pulses 
(reaction  wheel  speed  information) 

A  body-fixed  star  sensor  provides  the  basic 
measurement  data  for  attitude  estimation.  The 
•tar  sensor  optical  system  may  be  represented 
schematically  as  shown  lr.  Fig.  3.  The  star  sen¬ 
sor  consists  of  e  lens  system,  which  produces  a 
•  tar  Image  on  the  focal  plane:  a  reticle  containing 
three  slits  oriented  as  shown  In  the  figure:  and  a 
photomultiplier  tube  and  associated  electronics, 
which  detect  the  time  at  which  a  star  image  falls 
in  the  center  of  one  of  the  slits.  Photomultiplier 
outputs  are  sampled  at  a  high  rate  and  telemeter¬ 
ed  to  the  ground.  A  p'-eproceetor  on  the  ground 
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Fig.  2.  Horizon  Seneor  Operetion 


are  alio  synchronized  with  the  horizon  ienaor 
sampling  timet  to  provide  de -commutation  of  the 
control  torque  in  apace.  The  spin  Jets,  which 
are  ueed  to  adjuet  the  satellite  spin  rate  eo  as  to 
null  the  spin  axle  component  of  angular  momen¬ 
tum,  are  activated  lnfrequently-about  once  per 
week. 

The  details  of  the  attitude  control  logic  are 
not  immediately  relevant  to  the  attitude  estlma- 


Flg.  3.  Star  S*.naor  Schematic 


operates  on  the  raw  telemetry  data  to  compute 
the  lime  nt  which  a  star  image  crosses  one  of 
the  star  eeneor  elite  This  "measured"  star 
crossing  time  Is  sent  to  the  estimation  algorithm 
to  be  used  to  update  the  c  rrent  attitude  esti¬ 
mates.  For  purposes  herein,  the  details  of  the 
preprocessor  signal  processing  are  Ignored,  and 
it  la  assumed  that  theae  measured  star  crossing 
times  define  the  star  sensor  measurement  output. 
Because  of  optlcr  1  system  limitations,  back¬ 
ground  noise,  elertronlc  errors,  and  telemetry 
limitations,  this  measured  crossing  time  differ* 
from  the  true  time  at  which  a  star  image  actually 
crossed  the  slit.  This  error  is  assumed  to  be 
characterized  by  a  zero-mean  Cauestan  random 
sequence,  uncorrelatrd  from  measurement  to 
measurement.  Typically,  the  etandard  deviation 
of  the  (tar  senior  measurement  error  ie  around 
5  arc  sec  (expressed  as  the  angular  azimuth 
uncertainty  In  the  »t(. r  location  wt  the  measured 
detection  time}. 
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The  star  telescope  is  mounted  so  that  its 
optical  axle  Is  approximately  normal  to  the 
vehicle  spin  axil  and  the  vertical  slit  shown  in 
Fig.  3  is  approximately  parallel  to  the  spin  axis. 
In  this  manner,  the  field  o f  view  of  the  "vertical” 
slit  scans  a  great  circle  band  In  the  celestial 
sphere  as  a  result  of  the  satellite  spin  (see  Fig. 
4).  In  this  way,  stars  are  sensed  as  thair  Images 
cross  the  slit  pattern  in  the  telescope  focal  plane, 
The  vertical  slit  instantaneous  field  of  view  is 
3  deg. 


Fig.  4.  Star  Sensor  Scan  Geometry 


II.  CONFIGURATION  OF  ATTITUDE  ESTIMATOR 

In  general,  spacecraft  attitude  estimation 
can  be  defined  as: 

The  estimation  of  the  angular  orientation 
relative  to  some  reference  basis  of  a 
meaningful  coordinate  frame  which  is 
embedded  in  the  satellite  body. 

The  word  "estimation"  is  used  because  the  de¬ 
sired  information  must  be  extracted  from  noisy 
sensor  data.  A  meaningful  coordinate  frame 
refers  to  some  coordinate  frame  attached  to  the 
spacecraft  which  is  uselul  to  the  problem  at  hand. 
In  general,  several  possible  choices  exist  for 
this  coordinate  frame,  which  defines  the  basis 
for  definition  of  satellite  attitude,  and  its  proper 
selection  Is  Imporlant  tc  attitude  estimation  per¬ 
formance.  This  aspect  of  the  problem  Is  empha¬ 
sized  in  the  next  section,  which  discusses  the 
Implementation  of  the  estimation  equations. 

In  the  preeent  section,  the  general  mathe¬ 
matical  struclureof  t.u  altitude  estimation  prob¬ 
lem  Is  examined,  and  a  particular  filter  config¬ 
uration  Is  postulated. 

Let  x(t)  denote  an  n-vector  that  defines  the 
rtati  of  the  system  under  consideration.  The 


vector  x  is  comprised  of  the  set  of  variables  and 
parameters  sufficient  to  describe  the  spacecraft 
attitude  motion  and  measurement  processes. 

The  evolution  of  the  eteta  over  sn  arbitrary  time 
Interval  from  t»j  to  t  la  assumed  to  be  governed 
by  an  equation  of  the  form 


*(t)  r  ^fx(tj^) » t,  tj^ j  +  r(t, tN)v(tN>  (i) 


where  vtt^)  denote*  a  vector-valued  random  se¬ 
quence  which  represents  urknown  disturbances 
to  the  state;  the  function  f (* )  is  a  vector -valued 
function  defining  the  trajectory  of  the  stale  vector 
In  time.  The  scalar  measurement  process  de¬ 
noted  *(tj^l  can  be  represented  ae  a  function  of 
the  state  with  additive  measurement  nolle  u(tj^) 

In  the  following  form; 


e(tN)  e  hfx(tN))  +  u(tN)  (2) 


It  is  assumed  that  the  measurement  noise  is  a 
zero-mean,  white  noiee  sequence  with  known 
variance.  Equations  (1)  and  (2)  constitute  a  de¬ 
scription  of  the  "real  world"  system  motion  and 
measurement  process,  respectively.  The  func¬ 
tions  f(')  and  h(')  define  the  "predictable”  portion 
of  the  eyetem  motion  and  measurement. 

Simply  stated,  the  estimation  problem  Is 
to  find  some  method  of  forming  an  estimate  of 
the  state,  which  is  In  some  sense  close  to  the 
actual  state,  given  a  sequence  of  measurements 
i(tjg).  In  particular,  we  are  searching  for  an 
operator  that  transforms  the  observation  se¬ 
quence  to  an  estimate  of  the  state.  The  exact 
solution  to  the  optimal  estimation  problem  with 
nonlinear  dynamics  and/or  measurements  Is  not 
known.  However,  the  optimal  estimation  prob¬ 
lem  for  linear  systems  has  been  solved,  and 
many  different  techniques  of  forming  an  approxi¬ 
mate  solution  to  the  nonlinear  problem  have  been 
proposed  In  the  literature. 

The  estimation  algorithm  presented  here  Is 
developed  heuristically  on  the  basis  that  the 
problem  can  be  considered  "nearly"  linear.  It 
It  therefore  postulated  that  the  filter  configura¬ 
tion  that  is  optimal  If  the  problem  were  exactly 
linear  Is  a  reasonable  (but  not  necessarily  best) 
choice  for  the  actual  problem  at  hand.  Further¬ 
more,  the  filter  Is  structured  so  that  the  non- 
linearities  that  must  be  ‘gnored  are  higher-order 
terms  In  the  itate  estimation  error.  If  the  filter 
drslgn  is  at  all  reasonable,  the  estimation  error 
will  tend  to  become  smuiler  with  increasing  filter 
time  and  thus  increase  the  validity  of  the  linear 
approximations . 

The  basic  philosophy  In  developing  the  esti¬ 
mation  algorithm  Is  first  to  assume  a  particular 
filter  configuration  and  then  to  find  the  s«t  of 
filter  gains  that  are  approximately  the  optimal 
gains  for  the  assumed  configuration.  In  partic¬ 
ular,  It  Is  assumed  that  the  estimation  algorithm 
consists  ol  the  following  basic  structure: 


T 
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Fig.  5.  General  Configuration  of  Attitude  Estimator 


State  prediction*-  tN_^  s  t  <  t 

x*tltN-l^  "  lN-ll  ^ 

Meaeuremant  prediction: 

*<tNl*N-l)  *  'll*<tNltN-l)i  <4* 

Filtered  atate  estimate**: 

*(tN)  ■  +  *  ^N^N-l') 


a.  Prediction  error: 


x<t|tN-l)  5  x(t)  -  x(t|tN^,)  (6) 


b.  Filtering  error: 


x(tN)  =  x(tN)  -  x(tN)  (7) 


The  system  dynamic  equations  as  defined  by  Eq. 
(1)  are  expanded  in  a  Taylor  eerie*  about  the 
point  xltj^j.j),  the  root  recent  filtered  state 
estimate,  to  give  the  following  result: 


Equation  (3)  la  used  to  pred.ct  the  state  between 
measurements  given  the  value  itftjsj _ j ) .  which  l* 
the  filtered  state  estimate  at  the  last  measure* 
ment  time.  The  measurement  prediction  to 
baaed  on  the  predicted  state.  When  a  measure¬ 
ment  becomes  available,  the  filtered  state  esti¬ 
mate  is  formed  by  the  addition  of  a  correction 
term  to  the  predicted  state,  as  seer,  In  Eq.  (5). 
The  correction  term  consists  of  the  difference 
between  the  actual  meaeuremant  and  the  predic¬ 
ted  measurement  multiplied  by  a  gain  matrix 
K(t«.).  Figure  5  shows  the  mechanisation  of  the 
attitude  estimation  equation  in  block  diagram  form. 


The  filter  gain  equation*  used  here  are  the 
Kalman  equations  developed  for  the  case  of  linear 
system  dynamics  and  a  linear  discrete  measure¬ 
ment  process  (Ref  1).  The  etepe  leading  up  to 
the  application  of  these  results  to  the  present 
nonlinear  problem  will  now  be  examined  to  clar¬ 
ify  the  approximation  Involved.  Let  the  following 
notatlonal  conveniences  be  introduced: 

*The  notation  x(tltN.j)  denotes  the  estimate  of 
the  vector  x  at  time  t  given  measurements  up 
to  time 

^ The  filtered  state  estimate  &(t^)  It  understood 
to  denote  xUjql1!'!*’ 


x(t)  =  flxUj^j).  t>  t^j.j]  h  6(l»  *ivJ-l****^N-l* 

+  r<t-tN-l)v(tN-l) 

+  higher-order  terms  in  xft^^j)  (8) 


where  8(t,  t^  denotes  the  nXn  partial  derive- 
ti\  e  matrix  o i  the  vector  function  f  *  (f  j ,  l^i  •  •  •  fn)T 
with  respect  to  the  eti  ve;  that  ie,  4 


lN-l* 


£flix(tN-t,,t’ lN-ll 


lx 


(9) 


x=x(tN-1> 


Similarly,  Eq.  (Z),  the  measurement  equation, 
can  be  expanded  in  a  Taylor  eerie*  about  the 
point  t0  produce  the  following  result. 


*(tj^  E  h|x(  +  Kltj^xUjjIt^j)  +  uftj^j) 

+  higher-order  term*  tn  the 

prediction  error  (10) 
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The  matrix  h(Uj)  is  a  lxn  matrix  defining  the 
partial  derivative!  of  the  measurement  function 
h( ■ )  with  reepect  to  the  state;  that  is, 

<ll) 

xsx<tNltN-l) 

Now,  neglecting  the  higher-order  term*  in  Eqs. 
(8)  and  (11)  and  uelng  the  reeulte  of  Eqs.  ( 3) -( 5) 
yield!  the  following  linear  approximation  for  the 
propagation  of  the  prediction  error  and  filtering 
error  from  one  meaeurement  tima  to  the  next: 

Prediction  error: 


x<tNltN-l)  "  ®(tNltN-l'x(tN-l)  +  r(tN’  ‘n-I^N-P 

(12) 

Filtering  error: 


x(tj^)  a  x(tNltisj.p+  ^‘n'I^W^N^N-I*  + 

(13) 

If  a)  the  dynamic  equation!  and  meaeure¬ 
ment  equation!  are  linear  in  the  etate  variable!, 
b)  the  random  eequencci  v(tN)  and  u(tN)  are 
white,  daussian,  zero  mean  with  covariance! 

Q  and  R,  reipectively,  and  c)  the  initial  gueae 
of  the  atate  vector  li  luch  that  3(tn)  la  zero  mean 
and  Cauaelan,  then  Eqs.  (12)  and  (13)  are  exact 
and  the  piediction  error  and  filtering  error  are 
zero-mean,  Oaunlan,  random  eequencee  with 
covariance!  M(tvj)  and  P(tj^),  reipectively,  which 
are  found  from  Eqa.  (12)  and  (13),  al  follow!: 

M(tN)  =  e<lN*  tN-l*P^tN-l'®"r^tN’  CN-1* 

+  r(,N,,N-l,QrT(tH*tN-l>  <14> 


which  define  the  gain  matrix  sequence  to  produce 

a  minimum  variance  eetimate  of  the  atate. 

In  the  nonlinear  problem  here,  none  of 
theie  assumptions  ia  atrictly  valid;  nevertheleaa, 
Eqa.  (14)-(16)  are  uaed  to  compute  the  filter  gain 
matrix.  Equation*  (9)  and  (11)  are  uied  to  com¬ 
pute  the  6  and  H  matrices.  Note  that  these  mat¬ 
rices  are  updated  at  each  measurement  time  to 
reflect  evaluation  of  the  partial  derivatives  at 
the  most  recent  state  estimate.  For  the  non¬ 
linear  problem,  the  matrices  M  and  P  lose  their 
significance  as  covariance  matrices  and  the  gain 
matrix  is  no  longer  optimal.  The  ona  justifica¬ 
tion  for  use  of  these  equations  in  the  present 
nonlinear  problem  i*  that  fairly  accurate  initial 
estimates  of  the  system  state  are  available. 

This  fact  tends  to  give  some  degree  of  validity 
to  Eqs.  (12)  and  (13)  as  representing  the  propa¬ 
gation  of  the  actual  filtering  error,  as  the  neg¬ 
lected  terms  are  higher-order  terms  in  the  state 
estimation  error  multiplied  by  second-order  and 
higher  partial  derivatives  of  the  measurement 
function  and  dynamic  equations.  Under  these  con¬ 
ditions,  ona  might  expect  Eqa.  (14)  and  (13)  to 
approximate  the  actual  covariance  matrlcee  and 
Eq,  (16)  to  work  rather  well  as  a  gain  matrix 
for  the  filter.  In  the  attitude  estimation  problem 
here,  initial  estimates  of  attitude  are  accurate 
to  within  1  deg,  owing  to  the  operation  of  the  at¬ 
titude  control  system.  The  higher-order  terms 
dropped  from  Eqs.  (12)  and  (13)  are  several  or¬ 
ders  of  magnitude  smaller  than  the  linear  term*. 

m.  IMPLEMENTATION  OF  ATTITUDE 
ESTIMATOR 

The  details  of  implementing  the  attitude 
estimation  equations  for  the  problem  at  hand  will 
now  be  examined.  Then,  the  coordinate  system.} 
that  serve  to  define  the  problem  are  Introduced, 
and  the  star  sensor  measurement  functions  are 
obtained.  Next,  particular  attention  is  given  to 
the  selection  of  a  specific  coordinate  frame  that 
serves  to  define  satellite  attitude,  and  to  the 
development  of  an  approximate  closed-form  solu¬ 
tion  for  the  satellite  motion.  Finally,  the  specif¬ 
ic  configuration  of  the  attitude  estimator  is  pre¬ 
sented  . 


P(tN)  =  [I  -  K(tN)H(tN)|M(tN)|I  -  K(tN)H(tN)iT 
+  K(tN)RKT(tN)  (13) 

^  ^  T 

with  P(tg)  •  E(x(tQ)x(tg)  !.  Reference  1  shows 
that  the  optimal  gain  matrix  that  minimizes  the 
variance  of  the  filtering  error  is  given  by 


K(tN)  =  M(tN)HT(tN)|H(tN)M(tN)HT(tN)  +  Rj*1 


Coordinate  Systems 


An  .nertial  frame  (I-frame),  earth-centered 
and  nonrotating  in  celestial  space,  is  the  funda¬ 
mental  basis  from  which  all  orientations  are 
referenced  The  unit  vectors  xt,  yr,  Fj  are  the 
orthonori'nal  bases  vectors  for  this  frame  which 
are  oriented  as  follows: 


Xj  points  toward  the  first  point  of  Aries 

Fj  points  toward  the  north  celestial  pole 

yj  completes  orthogonal  right-hand  set 

An  intermediate  attitude  reference  frame 
(R-frsme)  is  introduced  as  a  convenience  to  aid 
in  defining  attitude.  The  R-frsme  is  an  earth- 
oriented  reference  frame  that  forms  the  basis 


(16) 

Thus,  if  assumptions  a)-c)  hold  true,  then  Eqs. 

( 1 4) - ( 1 6)  form  a  coupled  set  of  matrix  equations 
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from  which  satellite  .utitude  angles  are  measured 
and  is  defined  as  follows: 


a  subsequent  paragraph  discussing  the  star  sen¬ 
sor  measurement  functions. 


Origin:  satellite  mass  center 

Unit  vectors:  xR,  yR,  7R 

points  along  line  from  satellite  mass 
R  center  to  the  earth's  geocenter 

x_  points  along  the  positive  projection  of 
K  the  satellite  velocity  vector  on  the  plane 
normal  to  7R 

y_  is  normal  to  the  instantaneous  orbit 
K  plane  completing  an  orthogonal  right* 
hand  set 

The  body-reference  frame  (B-frama)  is  a 
coordinate  system  embedded  In  the  satellite  mass 
system!  which  forms  the  basis  to  which  the  atti¬ 
tude  angles  are  measured.  The  specific  orien¬ 
tation  of  this  coordinate  system  with  respect  to 
the  satellite  is  defined  in  a  subsequent  paragraph. 
The  B-frame  is  here  defined  In  the  following 
general  terms: 


The  orientation  of  the  A-frame  with  respect 
to  the  1-frame  la  determined  by  the  satellite 
ephemeils  and  is  illustrated  in  Fig.  6. 

Satellite  attitude  is  defined  in  terms  of 
three  Euler  angles  p^,  p%  pj,  which  respectively 
define  the  roll,  pitch,  ana  yaw  attitude  of  the  B- 
frame  with  respect  to  the  R-frame.  The  rotation 
sequence  in  going  from  the  R -frame  to  the  B* 
frame  Is,  first,  pitch  pg  about  7r1  next,  roll  pj 
about  the  new  x  axis;  finally,  yaw  pj  about  the 
new  7  axis  as  illustrated  in  Fig.  7.  The  body 
attitude  is  then  defined  by  the  transformation 


where 


Origin:  satellite  mass  center 
Unit  vectors:  xB,  yB,  7Q 

defines  the  satellite  yaw  axis,  positive 
toward  the  end  of  the  satellite  which 
is  earth-pointed 

yR  denotes  satellite  pitch  axis 

Xg  denotes  satellite  roll  axis 

Three  star  sensor  coordinate  systems  SSj, 
SSj,  SSj  define  the  star  sensor  measurement 
geometry.  The  orientation  of  these  coordinate 
systems  in  the  vehicle  is  determined  by  the  ori¬ 
entation  of  the  reticle  and  the  star  sensor  optical 
center.  These  coordinate  systems  are  defined  in 


>1 


Fig.  6.  Definition  of  Attitude  Reference 
Frame  Orientation 


M  =  ^jli^llxl^ly  <10> 


(TO  EARTH  GEOCENTER  1 


Fig.  7.  Definition  of  Satellite  Attitude  Angles 

The  subscript  notation  on  rotation  matrices  will 
be  used  throughout  to  denote  the  three  fundamen¬ 
tal  rotation  matrices: 

"1  0  0  ‘ 

(q)x  ®  0  cos  a  sin  a 

.0  -sin  a  cos  a  . 
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1. 

SS-3  Cooralnate  System 
xSSj  '9  identical  to  xgg^ 

ySS3  f®  normal  to  Star  Plane  No.  3 

The  angle*  y^,  y,,  y ,  illustrated  in  Fig.  8 
define  the  orientation  or  the  three  star  plane*. 
The  orientation  of  the  SS-2  and  SS-3  coordinate 
frame*  relative  to  the  SS-1  frame  can  be  ex¬ 
pressed  in  terms  of  these  angles  as  follows: 


B.  Star  Senior  Measurement  Process 


In  the  case  of  an  ideal  star  sensor,  the 
measured  star  crossing  time  can  be  considered 
to  be  that  time  when  a  unit  vector  to  a  star  lies 
in  a  particular  plane  fixed  to  the  star  sensor. 

For  the  reticle  configuration  illustrated  in  Fig.  3 
we  can  define  three  star  planes  to  be  the  condi¬ 
tions  for  generation  of  a  star  crossing  time  sig¬ 
nal  for  each  of  the  three  slit*.  Each  of  these 
"star  planes"  is  the  plane  formed  by  the  system 
optical  center  and  the  center  line  of  the  corres¬ 
ponding  reticle  slit.  Figure  8  Illustrate*  this 
star  sensor  geometry.  Note  that  the  three  star 
planes  intersect  at  o  common  point:  the  system 
optical  center.  This  point  will  be  used  to  define 
the  origin  of  our  star  sensor  coordinate  systems. 
Three  star  sensor  coordinate  frames,  each  hav¬ 
ing  the  y  unit  vector  pointing  perpendicular  to 
one  of  the  star  planes,  are  Introduced  as  follows: 

SS-1  Coordinate  System 

xss  lies  in  Star  Plane  No.  1  pointing  out- 

1  ward  along  the  projection  of  the  line 
of  Intersection  of  Star  °lanee  2  and  3 
on  the  plane 

ySSl  is  normal  to  Star  Plane  No.  1 

Ves  in  Star  Plane  No.  1  completing 

*  right-hand  set 

SS-2  Coordinate  System 

xee  points  along  the  intersection  of  Star 

*  Planes  2  and  1 


Vgg^  normal  to  Star  Plane  No.  2 

't'.V.f  UtVTiCI. 

'intact  puhi 


Fig.  8.  Star  Sensor  Optical  Geometry 
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The  orientation  of  the  SS-1  frame  with  re¬ 
spect  to  the  B-frame  le  defined  by  two  angles  (3j 
and  pz  as  illustrated  in  Fig.  9.  Note  that  we 
have  removed  some  of  the  generality  in  the  def¬ 
inition  of  the  B-frame  and  have  reetricted  xg  to 
lie  in  Star  Plane  No.  1.  The  angle  Pj  designates 
the  ang  Inr  "twist"  of  the  star  sensor  about  xg, 
and  p.  idicates  the  1  elevation"  of  the  star  sen¬ 
sor  r-  tive  to  the  Xg -y n  plane.  From  the  fig- 
urc,  the  orientation  of  the  SS-1  frame  )b  express¬ 
ed  as  follows 


where 


rssA 

(*b\ 

^SSj 

-  , 

V  mi  ) 

/ 

IP)  *lP2lylP,]K 


(23) 


(24) 
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value  (or  the  predicted  star  croeslng  time.  The 
approach  is  to  defin<-  the  measurement  a  as  he- 
ing  identical  to  the  dot  product  in  Eq.  (20);  that 
is,  we  define  the  measurement  *(tj^)  as 

*f(tN)  5  S’j-ygg^V  +  e(tN)  5  0  (26) 

where  again  *n  designates  the  measured  star  de¬ 
tection  time  (or  Slit  l.  The  measurement  func * 
tlon  h(.)  it  then  defined  as 

hilx^tN^  1  ^Ss/W 


Fig,  9,  Orientation  of  Star  Sensor 
Frame  Relative  to  Body  Frame 


In  the  case  o(  an  Ideal  star  sensor,  the 
measured  star  crossing  time  produced  by  a  star 
image  crossing  a  given  slit  is  simply  the  time  at 
which  the  dot  product  of  the  unit  etar  vector  with 
the  particular  star  plane  normal  (TsSj)  vanishes. 
Because  of  optical  aberrations,  background 
noise,  and  random  errors  in  the  generation  of 
the  star  detection  time,  it  is  not  possible  to  as¬ 
sign  a  unique  location  to  the  star  vector  in  the 
body  at  its  time  of  detection.  The  set  o(  all  pos¬ 
sible  star  vectors  at  the  detection  time  for  a 
particular  slit  forms  an  ensemble  of  random  vec¬ 
tors  in  the  satellite.  For  this  case,  the  concept 
of  the  "star  plane"  is  still  useful  if  the  star  plane 
is  considered  as  that  plane  forming  the  best 
mean  sq-are  fit  over  the  field  of  view  to  this  ran¬ 
dom  ensemble  of  star  vectors.  In  thia  situation, 
the  measured  star  crossing  time  t»  produced  by 
Star  ]  croe  sing  Slit  i  is  defined  implicitly  by 


+  (Z5) 

where  5j  -  unit  vector  to  Star  J,  and  the  error  et 
represents  the  random  error  in  the  detection 
process  and  geometrically  represents  a  small 
displacement  of  the  star  vector  normal  to  the 
star  plane.  For  purposes  herein,  this  error 
shall  be  considered  to  be  a  aero-mean,  Gaussian, 
random  variable. 

The  attitude  estimator  requires  that  the 
measurement  process  be  represented  as  a  func¬ 
tion  of  the  state  variables  in  a  form  given  by  Eq. 
(2).  Should  the  measurement  variable  s  be  de¬ 
dned  as  being  the  star  crossing  tlmo,  some  dif¬ 
ficulties  can  arise  because  of  the  implicit  nature 
of  Eq.  (25)  In  generating  a  value  for  the  predicted 
time.  A  different  approach  is  used  here  that 
avoids  the  necessity  of  computing  an  explicit 


where  the  subscript  i  designates  the  measure¬ 
ment  function  for  Slit  i.  The  quantity  e(tj^)  in 
Eq.  (26)  corresponds  to  the  measurement  noise 
u(tN)  in  Eq.  (2).  In  view  of  these  definitions, 
the  predicted  value  of  the  measurement  is  calcu¬ 
lated  as 


*j(tN)  ” 

where  ygg.  denotie  the  estimated  unit  normal 
vector  corresponding  to  slit  i  The  measure¬ 
ment  residual  <  is  simply 

*i  "  W  '  *i(V  “  {Z9) 


That  is,  the  measurement  residual  is  formed 
merely  by  means  of  computing  the  dot  product  in 
Eq.  (29)  and  sampling  it  at  the  measured  star 
crossing  time,  This  can  be  done  because  the 
actual  measurement  »j(t^j)  was  explicitly  defined 
as  being  identically  aero.  This  procedure  is 
computationally  more  efficient  than  explicitly 
computing  time  residuals,  and  produces  the  same 
Information  for  the  filter. 

The  measurement  functions  for  the  three 
slits  can  be  expressed  in  terms  of  the  attitude 
angles  pj,  p2,  $3  and  star  sensor  alignment 
angles  (Jj,  p2  by  u*e  Eqs.  (l7)-(24)  to  express 
tho  dot  products  to  give  the  following  results; 


V  Sj-^ss,  =[0 

«  0lp](t](Sj)R 

(30) 

h2s  5j'yssz 

‘  oi(r2l[PJ[*](Sj)R 

(Ji) 

h35  ^SSj  =  10 

1  o]tr3][Pi(dl(sj)R 

(52) 

The  quantity  (S,)R  is  a  column  matrix  composed 
of  the  components  of  the  star  vector  5\  in  the  R- 
frame;  that  is, 
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(33) 


!^A 


C .  Selection  of  a  Body-Reference  Frame 

The  B-frame  up  to  thie  point  has  been  con¬ 
sidered  to  be  an  arbitrary  coordinate  frame  em¬ 
bedded  in  the  satellite  body.  From  the  stand¬ 
point  of  the  attitude  determination  problem,  the 
selection  of  a  specific  B-frame  coordinate  sys¬ 
tem  is  an  important  consideration. 

The  primary  consideration  for  selection  of 
a  B-frame  should  be  the  accuracy  to  which  its 
attitude  can  be  determined,  Mathematically, 
this  question  is  one  of  the  degree  of  "observa¬ 
bility"  of  the  attitude  of  the  coordinate  frame, 
given  the  particular  set  of  a.tltude  measure¬ 
ments.  Not  all  coordinate  frames  are  equally 
observable.  Speaking  heurlstically,  the  degree 
of  observability  of  a  particular  coordinate  frame 
is  associated  with  the  extent  that  its  attitude  dis¬ 
placements  affect  the  measurements.  In  order 
for  a  particular  frame  to  be  observable,  it  is 
thus  necessary  that  its  attitude  directly  affects 
the  measurement  process  or  indirectly  affects  it 
by  changing  the  dynamic  motion  of  the  attitude 
sensor, 

From  an  operational  standpoint,  there 
often  exists  a  well-defined  coordinate  frame 
whose  attitude  we  would  like  to  obtain,  namely, 
a  coordinate  frame  fixed  to  some  mission  sensor 
whose  pointing  direction  in  space  is  of  primary 
interest.  This  coordinate  frame  would  be  the 
most  desirable  choice  for  a  B-frame,  but  un¬ 
fortunately,  such  a  frame  is  in  general  not  ob¬ 
servable.  This  is  true  because  changes  in  align¬ 
ment  of  the  mission  sensor  relative  to  the  satel¬ 
lite  will  have  no  effect  upon  the  star  sensor 
measurements  or  upon  the  vehicle  motion.  In 
order  to  determine  the  pointing  direction  of  thv 
mission  senior,  one  can  rely  on  prelaunch  mea¬ 
surements  defining  the  alignment  relative  to 
some  other  frame  (B-frame)  whose  attitude  is 
observable  from  the  star  sensor  measurements. 

In  cases  where  extremely  accurate  deter¬ 
mination  of  the  mission  sensor  pointing  direction 
is  requtr-d,  prelaur.ch  alignments  may  not  pro¬ 
vide  suflicient  accuracy  because  of  errors  in¬ 
curred  during  boost  and  during  the  varying  orbit¬ 
al  thermal  environment.  In  these  cases,  on- 
orbit  calibration  of  the  mission  sensor  alignment 
relative  to  the  B-frame  must  bv  provided.  This 
is  often  done  by  using  the  mission  sensor  to  sight 
objects  with  known  locations,  and  using  the  infor- 
mstion  together  with  the  estimates  of  the  attitude 
of  the  B-frame  to  update  the  knowledge  of  mis¬ 
sion  sensor  alignment  relative  to  the  B-frame. 
Obviously,  the  accuracy  of  this  "boreslght"  pro¬ 
cedure  is  related  to  the  accuracy  of  the  knowl¬ 
edge  of  the  at.itude  of  the  B  frame. 


Thus,  from  an  operational  standpoint,  even 
though  the  attitude  of  our  B-frame  is  not  of  itself 
of  primary  interest,  it  is  essential  to  choose  a 
B-fr-me  whose  attitude  can  be  most  accurately 
determined.  An  additional  consideration  In  the 
selection  of  the  B-frame  Is  the  stability  of  its 
alignment  relative  to  the  mission  sensor,  in 
cases  where  an  on-orbit  boreslght  of  the  mission 
sensor  is  not  performed. 

At  first  glance,  the  most  obvious  choice 
for  the  B-frame  would  appear  to  be  the  star  sen¬ 
sor  frame  (SS-frame).  However,  this  turns  out 
to  be  an  undesirable  choice  for  two  reasons: 

First,  the  stability  of  the  star  sensor  alignment 
relative  to  the  mission  sensor  is  poor.  The 
nature  of  the  effect  of  the  thermal  environment 
on  the  atructure  is  such  that  it  causes  large 
"twisting"  deflection*  of  the  star  sensor  about  its 
optical  axis  relative  to  the  mission  sensor. 
Second,  even  In  the  absence  of  these  alignment 
variations,  the  observability  of  the  attitude  of  the 
star  sensor  coor  I'nate  frame  ie  poor.  Thia  fact 
is  a  result  of  the  narrow  field  of  view  of  the  star 
sensor  (el.  5  deg)  which  makes  it  difficult  to 
estimate  the  angle  of  rotation  about  the  sensor 
optical  axis. 

In  view  of  these  difficulties,  it  becomes 
desirable  to  examine  the  vehicle  dynamic  char¬ 
acteristics  in  an  attempt  to  select  jn  alternate 
coordinate  system  whose  attitude  has  some  par¬ 
ticular  significance  In  terms  of  the  motion  of  the 
star  sensor  in  space.  It  will  be  shown  that  a 
zero-momentum  satellite  must  spin  about  a  par¬ 
ticular  axil  fixed  in  its  body.  This  "spin  axis" 
is  selected  to  define  the  t  axis  of  the  B-frame. 

Let  the  following  notation  be  introduced: 

I  =  the  dyadic  defining  the  moment  of 
inertia  of  the  total  satellite  mass 
system  with  respect  to  its  mass 
center 

Z  »  angular  velocity  of  the  B -frame 
relative  to  inertial  space 

R  *  total  system  angular  momentum 
relative  to  its  mass  center 

IT  =  "relative  angular  momentum"^  or  the 
contribution  to  the  total  angular 
momentum  R  which  is  generated  by 
elements  of  mass  moving  relative  to 

the  B-frame 

*  unit  vector  pointing  a'ong  the  reaction 
wheel  bearing  axis 

c  reaction  wheel  moment  of  inertia 
about  its  bearing  axis 

w_  *  reaction  wheel  angular  velocity 
relative  to  the  satellite 


See  Ref.  I  for  a  general  development  of  the 
concept  of  "relative  angular  momentum.  " 
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It  is  shown  in  Ref.  2  thst  the  total  angular 
momentum  for  a  satellite  of  arbitrary  configu¬ 
ration  can  be  expressed  in  the  following  form: 

R  -I-u  +  fT  (34) 


Let  (H),  (w),  (h)  denote  the  3x1  component  ma¬ 
trices  of  the  voctors  R,  Z,  IT  expressed  In  an 
arbitrary  coordinate  frame  (A-frame)  embedded 
in  the  satellite  body,  and  let  [I]  denote  the  3X3 
component  matrix  of  the  dyadic  I  expressed  in 
this  A-frame.  The  matrix  form  of  Eq.  (34)  is 
as  follows: 


(H)  *  (I](w)  ♦  (h)  (35) 


The  angular  velocity  can  be  expressed  in  terms 
of  (H)  and  (h)  by  inversion  of  Eq.  (35)  to  yield 

(u)  =  (I)*,(H)  -  |l)*l(h)  (36) 


Let  us  further  define 

(M  »  [I]*l(H)  (37) 

(u*)  «  -  [I]"l(h)  (38) 


so  that  we  can  express  the  total  angular  velocity 
as  follows: 


(oj)  *  <6w)  +  (u*)  (39) 


Equations  (37)  and  (38)  each  define  components 
of  a  vector  in  the  arbitrary  A-frame.  Equation 
(39)  state#  that  the  body  angular  velocity  can  be 
considered  as  the  vector  sum  of  two  components 
--one  component  being  the  contribution  of  the 
total  system  angular  momentum  R,  end  the  other 
being  the  contribution  of  the  relative  angular 
momentum  generated  by  moving  parts. 

If  the  satellite  structure  can  be  considered 
to  be  rigid,  the  relative  angular  momentum  re¬ 
sults  solely  from  the  motion  of  the  reaction  wheel 
relative  to  the  satellite  body.  If  the  wheel  has 
mass  symmetry  about  its  bearing  axis,  the  rela¬ 
tive  angular  momentum  vector  is  given  as 


*  “  CwuR*w  (40> 


For  the  case  of  the  vehicle  configuration  of  in¬ 
terest,  the  total  angular  momentum  is  a  small 
fraction  of  the  wheel  momentum  owing  to  the 
satellite  outer  structure  spinning  in  space  oppo. 
site  to  the  Internal  spinning  reaction  wheel.  At¬ 
titude  control  thrusters  are  used  to  "trim"  the 


Ip :  "YAW*  PRINCIPAL  AXIS  OF  TOTAL  MOMENT  OF  INERTIA  DYADIC 
Ip  :  "ROLL*  PRINCIPAL  AXIS  OF  TOTAL  MOMENT  OF  INERTIA  DYAOlC 

A,  8,  C  •  ROLL,  PITCH,  YAW  PRINCIPAL  MOMENTS  OF  INERTIA 
COMPONENTS  OF  SPIN  VECTOR  IN  PRINCIPAL  AXES: 


Fig.  10.  Illustration  of  Spin  Vector  Orientation 


total  angular  momentum  as  required  to  maintain 
the  "residual"  angular  momentum  less  than  0.  2% 
of  the  wheel  momentum;  that  is, 


|R|  <  0.002  |RT|  (41) 


Because  of  this  fact,  we  find 


|6w|<k|w*I  (42) 


and  the  total  angular  velocity  vector  approximate¬ 
ly  coincides  with  the  vector  u*. 

The  vsetor  w*  is  a  body-fixed  vector  whose 
components  were  defined  by  Eq.  (58),  and  thus 
has  particular  significance  in  terms  of  the  motion 
of  our  satellite.  This  vector,  which  will  be  de¬ 
signated  the  "spin  vector,"  represents  ths  body 
angular  velocity  vector  necessary  to  produce 
sero-total  angular  momentum.  Figure  10  illus¬ 
trates  the  orientation  of  the  spin  vector  for  the 
case  where  the  reaction  wheel  bearing  axis  is 
misaligned  with  respect  to  the  vehicle  yaw  prin¬ 
cipal  axis.  In  the  idealised  case  of  a  vehicle 
with  a  rigid  structure  and  balanced  reaction 
wheel  spinning  about  an  axis  fixed  in  the  struc¬ 
ture,  one  finds: 
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1.  Or, mutation  of  the  spin  vector  in  the 

vehicle  is  fixed  by  virtue  of  Eq.  (38) 

2  The  magnitude  of  the  spin  vector  is 
directly  proportional  to  the  wheel 
relative  speed 

3.  If  the  spacecraft  total  angular  mo¬ 
mentum  remains  identically  zero, 
the  satellite  motion  consists  of  a* 
pure  spin  about  the  vector  C't‘  which 
is  fixed  both  in  sjsac^  and  in  the 
satellite  body. 

Thus,  for  the  case  of  Identically  zero-total  angu¬ 
lar  momentum,  the  motion  of  the  star  sensor  Is 
a  pure  spin  about  the  vector  S’*,  which  is  located 
approximately  90  deg  from  the  star  sensor  op¬ 
tical  axis.  The  orientation  of  the  spin  vector  in 
space  is  of  fundamental  importance  in  determin¬ 
ing  what  the  star  sensor  sees.  For  this  reason, 
the  ?  axis  of  the  B-frame  was  chosen  to  lie  along 
the  spin  vector.  The  3T  axis  of  the  B-frame  was 
previously  defined  to  lie  in  the  star  sensor  ver¬ 
tical  slit  plane.  This  coordinate  frame  repre¬ 
sents  the  only  alternate  to  the  star  sensor  frame 
which  is  observable  from  the  star  sensor  mea¬ 
surements  If  total  angular  momentum  is  identi¬ 
cally  zero.  This  Is  true  because  in  this  case, 
the  orientation  of  the  vector  u*  relative  to  the 
star  sensor  and  relative  to  celestial  space  is  the 
only  thing  affecting  the  star  sensor  measurement 
process.  The  attitudes  of  the  vehicle  principal 
axes  or  the  wheel  bearing  axis  are  both  unobserv¬ 
able  in  the  zero-momentum  case  because,  for 
any  orientation  of  the  principal  axes,  there  exists 
a  corresponding  reaction  wheel  orientation  that 
leaves  the  orientation  of  the  spin  vector  invariant 
with  respect  to  the  star  sensor. 

If  the  total  angular  momentum  Is  nonzero, 
the  spin  vector  still  remains  fixed  in  the  body, 
but  no  longer  remains  fixed  in  space.  The  next 
section  of  the  paper  presents  an  approximate 
solution  for  the  attitude  motion  of  the  B-frame, 

It  is  desirable  to  restrict  the  B-frame  to 
be  fixed  relative  to  the  satellite  structure.  Lack 
of  mass  symmetry  of  the  reaction  wheel  results 
in  the  vector  FT  "coning"  in  the  vehicle  at  wheel 
speed,  resulting  in  a  coning  in  the  spin  vector 
relative  to  the  structure,  These  effects  are  ex¬ 
tremely  small,  but  for  purposes  of  generality 
any  difficulties  can  be  circumvented  by  defining 
the  B-frame  in  terms  of  the  average  orientation 
of  the  spin  vector  over  one  wheel  spin  cycle. 

The  vehicle  B-frame  which  defines  the 
basis  for  definition  of  vehicle  attitude  is  thus  de¬ 
fined  in  terms  of  the  unit  vectors  x0,  y~,  F„, 
which  are  defined  as  follows: 

)Tg  lies  in  star  sensor  vertical  slit  plane 

yg  completes  un  orthogonal  right-hand  set 

Figure  ii  illustrates  the  orientation  of  our 
B-frame  relative  to  the  SS-1  star  rensor  frame. 


D.  Development  of  an  Approximate  Solution 
to  the  Vehicle  Motion 

The  attitude  of  the  B-frame  with  respect 
to  the  R-frame  was  defined  in  terms  of  the  three 
angles  pj»  p p 3.  The  vehicle  kinematic  equa¬ 
tions  for  the  rotation  convention  defined  by  Eq. 
(18)  were  derived  in  Ref.  3,  which  gave  the 
following  reault: 


n 

-0 

w 


+  ainpj/coapj  cos«j/cosp|  0 

sin  pj  tan  pj  cos  pj  tan  pj  1 

(43) 

where  uj,  w-,  Wj  represent  components  of  the 
angular  velocity  of  the  B-frame  expressed  in  the 
B-frame,  and  up  is  the  magnitude  of  the  angular 
velocity  of  the  R-frame  (orbital  rate).  Equation 
(39)  Is  used  to  expand  the  angular  velocity  vector. 
As  a  consequence  of  the  definition  of  the  B-frame 
the  spin  vector  msy  be  expressed  as 


UZ 

\u3  / 


u*  r  O'Fg  +  0-yD  +  M  z0  (44) 
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The  magnitude  of  the  spin  vector  ii  proportional 
to  the  reaction  wheel  rate  of  rotation  with  respect 
to  the  spacecraft  and  may  be  expressed  as 

|u*|  =  KwR  (45) 


The  constant  of  proportionality  can  be  shown  to 
be  given  by 


K  : 


iln  q  2  + 


(1) 


2  2 
sin  oj  cos  Qj 


+  COS  Oj  COS  Qj 


1/2 


(46) 


where  A,  B,  C  are  the  spacecraft  principal  total 
momenta  of  inertia;  0]  and  02  are  angles  defining 
the  orientation  of  the  wheel  bearing  axis  with 
respect  to  the  spacecraft  yaw  principal  axle  ~p; 
and  C„,  la  the  wheel  spin  moment  of  inertia. 

Now,  Yetting  6ug.,  6ud_,  6wg.  denote  the  B- 
frame  components  of  tni  vector  6 Z  as  defined  by 
Eq.  (37),  and  substituting  the  expanded  angular 
velocity  vector  Into  Eq.  (43),  wc  obtain 


( h  \ 

*2 

w 


COI  <t>~ 


f°  \ 


W 

-sin  03 


+  |  sin  0j/cos  dj  cos  0^/ cos  $  j 

sin  tan  ^  cos  tan 


(47) 

Since  (ud,,  6wr,,  6ug,  are  oach  zero  when  the 
spacecraft  totalKngular  momentum  is  zero,  Eq. 
(47)  has  a  rather  simple  solution  for  this  case, 
namely, 


4j(t)  *  PjUq) 


♦  gW  *  ^2* V  +  *  t0> 


*3(t)  -  43(t0)  +  K[a(t)  -  a(t0)] 


where 


(48) 


o(t)  -  a(tg)  *  J  wR(r)  dr 


(49) 


is  the  total  angular  excursion  of  the  reaction 
wheel  relative  to  the  spacecraft  in  the  interval 


(t0,t). 


The  effect  of  finite  total  angular  momentum 
produces  a  contribution  to  the  motion  which  adds 
to  Eq,  (48).  An  approximation  to  this  contribu¬ 
tion  la  now  developed. 

The  key  to  obtaining  an  approximate  solu¬ 
tion  to  Eq.  (47)  Is  to  express  the  vector  6w  in 
terms  of  the  components  of  the  total  angular  mo¬ 
mentum  vector  expressed  In  the  attitude  refer¬ 
ence  frame.  Since  the  component*  of  angular 
momentum  In  the  B -frame  are  given  In  terms  of 
the  component*  In  the  R -frame  by  the  equation 


(\) 

f\\ 

*  [*3]e[*l)xl*2Jy 

% 

V%y 

and  uelng  Eq.  (50)  tn  express  Eq.  (37)  in  the  B- 
frame,  we  can  write 


r».\ 

r>\ 

b2 

hr 

R2 

V‘,i 

VS 

(51) 


where  [Ig]  Is  the  B -frame  component  matrix  of 
the  dyadic  I.  Note  that  for  the  vehicle  of  lntereet, 
the  angles  9]  and  q 5  W1H  be  kept  email  by  tha 
action  of  the  attitude  control  system.  If  Eq.  (3|) 
1*  substituted  Into  Eq.  (47),  and  email  angle  ap¬ 
proximation*  are  made  for  and  the  follow¬ 
ing  result  is  obtained:  * 


/♦  l\ 

■1  0  O’ 

♦2 

■ 

0  1  0 

w 

,°  *1  l. 

'1 

0 

-*2 

l^\ 

r\ 

0 

1 

♦l 

\ 

+ 

u0 

^2 

• 

*♦1 

1 

W) 

(52) 
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In  the  absence  of  external  torques,  the 
total  angular  momentum  vector  Is  fixed  In  iner¬ 
tial  space.  For  circular  orbits,  the  attitude 
reference  frame  rotates  at  a  constant  rate  un. 
For  these  conditions,  the  components  oi  the  total 
angular  momentum  vector  expressed  in  the  atti¬ 
tude  reference  frame  are  given  by  the  following 
cloaed-fcrm  equation: 


V’\ 

H„ 

R2 

vi 


cos  u>0(t  -  tQ)  0  sin  uft(t  -  tn) 


O'1  ‘o’ 


The  angles  t,  and  <2,  which  are  the  angles  be¬ 
tween  *p  and  tg,  are  small  for  the  vehicle  of 
Interest.  The  moment  of  inertia  matrix  in  the  B- 
frame  is  then  given  by 


[IB)=  K^X^y 


*(‘3^y  (‘1^*3^ 


The  vehicle  of  Interest  is  very  nearly  sym¬ 
metric  about  the  yaw  principal  axis  such  that 
A  ■  B.  This  fact  can  be  used  to  simplify  the  form 
of  the  moment  of  inertia  matrix  still  further. 

Let  the  following  quantities  be  defined: 


-sin  jQ(t  -  tQ)  0  cos  t  -  t q ) 


A1  =  2AB/(A  +  B, 


HR,(t0) 


X  HRj(t0> 


hr  y 


where  uq  Is  the  angular  velocity  of  the  R-frame 
(orbital  rate). 

Equation  (53)  constitutes  a  first  Integral  for 
the  problem.  The  availability  of  the  exact  solution 
is  the  reason  for  selecting  angular  momentum  in 
the  R-frame  as  one  portion  of  the  state  vector. 

One  additional  step  is  required  in  the  form¬ 
ulation  of  equations  for  solution:  the  simplifica¬ 
tion  of  the  form  of  the  moment  of  inertia  matrix. 
The  total  moment  of  inertia  tensor  expressed  in 
terms  of  its  principal  axes  is  in  general  given  by 


I  =  yp  0  B  0  y-  (54) 


0  0  C  \  t 


Let  the  orientation  of  the  principal  axes 
with  respect  to  the  B-frame  be  given  by  the  fol¬ 
lowing  transformation: 


l<2V<llx1<3J*  1  'B 


v  5  (A  -  B)/(A  +  B) 


In  Ref.  3  a  Taylor  aerie  expansion  of  the 
moment  of  inertia  matrix  inverse  in  terms  of  «p 
>2,  and  v  was  made  and  the  firat-order  terms 
were  substituted  in  Eq.  (52).  By  so  doing,  we 
found  that  theae  term*  gave  a  periodic  contribu¬ 
tion  to  the  attitude  motion,  which  under  worst- 
case  conditions  had  an  amplitude  of  less  than  0.5 
arc  see.  An  appreciable  simplification  results 
if  these  terms  are  assumed  to  be  aero  and  the 
"aeroth" -order  approximation  for  the  matrix  in¬ 
verse  Is  used,  which  is  given  by 


Substituting  Eq.  (59)  into  Eq.  (32),  expanding, 
and  neglec’ing  second-order  terms  in  pj  and  pj, 
we  obtain  the  result 


C 

*Ty3 


ft?  ■  0 


*2 


y3  +  K“R 
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e32  =  r-{bNlc0*aN(t‘tN)-1)  +CN  •lnaN(t'tN)[ 
N  '  ' 


yl\  /HRj(t)/A- 

y-,  U  H0  /a1 


H-  (t)/C 


V 


»N  c  (C/A,)yj(tjsj) 


Equation  (60)  is  a  linear  time  varying 
equation  o(  tho  (orm 


bN  *  (1  -  A'/C)y2(tN) 


0  =  F(t)p  +  u(t) 


Cj^j  =  (A’/C)y 


The  coefficients  of  the  matrix  F(t)  are  functions 
of  the  "y"  variablea  which  vary  alowly  in  time. 

In  the  absence  of  external  torquea,  an  exact  solu- 
tion  for  the  variation  in  the  y  variablea  ia  avail* 
able  from  Eq.  (Si),  A  closed-form  solution  to 
Eq.  (60)  can  be  obtained  if  the  coefficients  of  the 
F  matrix  are  treated  aa  being  stepwise  constant 
over  finite  segments  of  time.  It  has  been  found 
that  this  can  be  done  over  lengths  of  time  as 
long  aa  several  hundred  seconds  without  compro* 
mlaing  accuracy.  We  obtained  results,  which 
are  valid  over  one  of  these  time  Intervals,  by 
solving  the  constant  coefficient  differential  equ* 
ationa;  they  are  given  as  follows: 


U1  M  Atyl  '  ^raNy2  *  T“yl(aN  +  w0> 


U2  =  At(y2  +  u0)  +  ^iaNy,  -  ^la2y2 


Uj  >=  K[o(t)  *  o(tN»  +  aty3  + 

+  ^ry3|yi +  (I  *  p,y2  -a 


*,(«)  \  /Ul(t,tN) 

b2(t)  *  |eN(t  *  tN)|  p2(tN)  +  u2(t,tN) 

bjfily  V"}^N7  \U3*t,tN' 


yl<t)  '  yl(W  co*  u0At  *  ,in  u0At 


y2(t)  =  y2(tN) 


y3(t)  =  y,(tN)^.  sin  wQAt  +  y}(tN)  cos  wQAt 


cos  aN(t  -  tN)  -sin  aN(t  •  tN>  0 


N'  N 


i  N 

6  (t  -  tN)  =  sin  aN(t-  tN)  cos  aN(t  -  tN)  0 


i  63irr:,tbN  •^»N(t*‘N)-cNteo,aN(t-tN)-lK 


In  Eqs.  (70)-(72),  At  denotes  (t  •  tjq)  and  the  yj 
represent  yj(tN) .  The  functions  Uj,  Ug,  U3  are 
actually  obtained  as  low-frequency  trigonometry 
functions,  but  were  expanded  in  a  Taylor  series 
in  time  and  truncated  after  the  cubic  terms  to 
give  the  results  in  Eqs.  (70) -(72).  This  was  done 
to  simplify  the  results,  The  uoe  of  three  terms 
in  the  series  expansion  is  adequate  if  the  time 
step  At  is  no  greater  than  a  few  hundred  seconds. 

The  method  of  including  the  effects  of  con¬ 
trol  jet  firings  In  the  dynamic  model  is  outlined 
as  follows.  It  is  assumed  that  jet  pulse  duration 
is  small,  so  that  the  control  torque  is  assumed 
to  be  applied  impulsively.  The  basic  idea  la  to 
make  a  step  change  in  the  three  components  of 
the  angular  momentum  vector  in  the  attitude  ref¬ 
erence  framr  at  the  time  of  occurrence  of  the  Jet 
pulse. 

The  following  Information  is  required  from 
the  attitude  control  subsystem: 

t—  denoteu  time  of  occurrence  of  the 
torque  pulse 

Pw  f  equivalent  rectangular  pulsewidth 

(Mg)  denotes  components  of  control  torque 
In  the  B-frame 

Given  this  information,  we  can  calculate  the  com¬ 
ponents  of  angular  momentum  in  the  B-frame  as 


(AHB{tF>)  *  (Mb)Pw 


.  L Z _ 

-  'A* \  :r &  ■" ' 


The  three  attitude  angles  can  be  evaluated  at  time 
tp,  and  AHg  can  be  resolved  into  the  attitude 
reference  frame  to  produce  the  following  correc¬ 
tion  to  the  state; 


/Ayjftj.)  ^ 

"l  /  A1 

0 

0  * 

E 

0 

1/A' 

0 

W3(V  } 

0 

0 

1/C. 

(73) 


The  corrections  to  yj,  y2 ,  Y 3  are  then  added  to 
the  previous  values,  and  the  solution  equations 
are  updated  with  the  corrected  y  values.  The 
solution  (s  then  reinitialized  at  time  tj.,  and  the 
correction  process  Is  complete. 

The  primary  external  disturbance  torque 
for  the  vehicle  of  interest  Is  the  torque  resulting 
from  solar  pressure.  All  other  disturbance 
torques  are  expected  to  be  less  than  1%  of  the 
worst-case  solar  torque.  Ths  minor  disturbance 
torques  do  not  require  modeling  in  the  prediction 
equations  as  the  attitude  estimator  is  able  to 
handle  their  effect*  by  treating  these  torques  as 
being  a  hypothetical  time  sequence  of  random 
disturbance*.  If  maximum  performance  of  the 
attitude  estimator  1*  to  be  attained,  it  is  desir¬ 
able  to  provide  the  prediction  equations  with  a 
model  of  the  n.ajor  eolar  torque  effect.  Thie 
enables  the  estimator  to  form  a  continuous  esti¬ 
mate  of  the  appropriate  torque  parameters  and 
to  remove  the  associated  uncertainty  from  the 
vehicle  motion  model. 

A  solar  torque  model  is  developed  by  assum¬ 
ing  that  the  vehicle  can  be  considered  to  have  geo¬ 
metric  symmetry  about  the  Eg  axil.  Under  these 
conditions,  the  solarjtorque  set*  normal  to  the  _ 
plane  formed  by  the  axis  and  the  unit  vector  ~ 
pointing  from  the  satellite  to  the  tun,  and  thue 
may  be  expressed  ae  T  *  K-ErX”.  The  parameter 
K,  is  a  function  of  the  satellite  geometry,  surface 
reflectivities,  sun  angle,  etc.  ,  and  thus  varies  as 
a  function  of  satellite  location  in  orbit.  The 
eleventh-etate  variable  to  be  estimated  is  defined 
to  be  equal  to  this  parameter  divided  by  the  mo¬ 
ment  of  inertia  parameter  A';  that  le,  Xj.  *  K  /A1. 
The  estimator  models  this  variable  as  a  random 
walk  and  in  practice  it  sble  to  track  continuously 
its  actual  value. 

One  obtain*  the  necessary  correction*  to  the 
state  prediction  equations  by  expressing  the  tolar 
torque  vector  In  the  attitude  reference  frame, 


and  then  performing  an  approximate  integration 
by  assumlr  3  this  vector  to  be  constant  over  one 
measurement  Interval.  The  resulting  corrections 
to  the  attitude  angles  and  angular  momentum  pa¬ 
rameters  are  given  in  Eq,  (74): 

**l(t)  1  *<<ryR  +  VzR)(t  *  VZ*11/Z 

Apz(t)  =  (trxR  *  d2<rrjR)<t  - 

APj(t)  =  (A'/C)(02cyR  +  P]<rxR)(t-tN)2xn/2 


*y,(t>  ■  -(‘yR  +  ^RKt  -  tN)xn 


*yz(t)  1  Kr  ■♦i'irH'  -  *N)xll 


Ay3(t)  =  (A7C)(«2<ryR  +  d1ffxR)(t  -  tN)xn  j 

(74) 

T 

where  ('txR^YR^zR^  *r®  component*  in  the  R- 
frame  of  a  unit  vector  pointing  from  the  satellite 
to  the  sun. 

The  solution  as  given  by  Eqs.  (62) -(72)  will 
produce  accurate  reeult*  over  long  perlode  of 
time  if  Eq*.  (62)  and  (63)  are  reinitialized  every 
few  hundred  second*.  Comparison  of  the  solu¬ 
tion  results  against  digital  simulation  of  the 
.  xaet  satellite  dynamics  and  attitude  control  sys¬ 
tem  with  zero  solar  torque  have  verified  that  an 
accuracy  of  a  few  arc  second!  can  be  maintained 
for  up  to  1  hr.  This  accuracy  la  dependent  upon 
the  ACS  keeping  the  spin  axle  within  0.  3  deg  of 
the  local  vertical. 

E.  Summary  of  Eetlmatlon  Equation! 

The  general  structure  of  the  attitude  esti¬ 
mator  was  defin.-d  by  Eqs.  (3)-(5).  Equation* 
(30)-(32)  define  the  measurement  prediction  equ¬ 
ations.  The  dynamic  model  as  given  by  Eqs. 
(62)-(74)  define  the  state  prediction  equations  for 
the  estimator. 

The  set  of  variables  to  be  estimated  should 
Include  all  unknown  variables  that  contain  enough 
uncertainty  to  exert  a  detectable  influence  upon 
the  attitude  motion  process  or  measurement 
process.  In  order  that  a  given  variable  can  be 
estimated,  its  time  history  must  in  some  sense 
be  predictable.  A  number  of  effects  such  as  fuel 
slosh  and  structural  vibration  rio  influence  the 
attitude  motion  to  a  measurable  extent,  but  are 
essentially  unpredictable.  Variable*  associated 
with  these  effects  will  not  be  estimated.  In  add¬ 
ition,  a  number  of  other  variable*  have  uncertain- 
tie*  small  enough  to  exert  a  negligible  Influence 
on  the  attitude  motion  or  measurements.  The  set 
of  variables  that  fall  in  thia  category  will  be 
treated  as  deterministic  parameters.  The  set  of 
state  variables  to  br  estimated  are  defined  In 
Tible  1. 
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Table  1.  Definition  of  State  Variable* 


State 

Variable 

Symbol 

Comment 

X1 

*1 

Roll  angle  between  B- 
frame  and  R-frame 

x2 

*2 

Pitch  angle  between  B- 
frame  and  R-frame 

x3 

*1 

Yaw  angle  between  B- 
frame  and  R-frame 

x4 

Hj/A' 

These  variables  have  units 
of  angular  rate;  Hj,  Hg, 

x5 

H2/A'  +  u0 

-  Hj  are  components  of  total 
angular  momentum  of  sat- 

x6 

h3/c  , 

e Hi te  in  R  -frame 

x7 

K 

Ratio  of  magnitude  of  spin 
vector  to  wheel  angular 
speed,  1.  e.  , 

x8 

®1 

Star  sensor  twist  mis¬ 
alignment  angle  between 
B-frame  and  SS-1  frame 

X9 

02 

Star  sensor  elevation  mis¬ 
alignment  angle  between 
B-frame  and  SS-1  frame 

x10 

h 

Rate  of  change  of  (3j 

X11 

X11 

Proportional  to  magnitude 
of  solar  torque  angular 
acceleration 

x12 

!mb|/a' 

Magnitude  of  control  Jet 
angular  acceleration 

The  state  variable*  of  primary  interest  are 
0i,  *2'  which  are  angle*  .that  define  the  at¬ 
titude  of  trie  B-frame  with  respect  to  the  R-frame. 
The  B-frame  Is  the  basic  satellite  body  reference 
frame.  The  particular  body  reference  frame 
chosen  to  define  the  basis  for  attitude  determina¬ 
tion  lc  the  '  spin  axis"  reference  frame,  which 
was  explicitly  defined  in  Section  III.  C.  The  var¬ 
iables  x4,  xg,  xl  are  required  to  define  the  mo¬ 
tion  of  the  attitude  angle*.  The  parameter  K  is 
required  In  order  to  account  for  the  effect  of  ynw 
moment  of  Ir.ertla  uncertainty  and  Its  variation 
upon  the  yaw  motion.  The  angle*  0.  and  (Jj* 
which  define  the  orientation  of  the  star  sensor 
relative  to  the  B-frame,  are  required  in  the 
measurement  prediction  equation*.  It  waa  also 
found  desirable  to  estimate  the  rate  of  change  0j. 

The  variable  x,  j  is  the  unknown  solar 
torque  parameter  entering  the  dynamic  model  In 
Eqa.  (74).  The  variable  Xjj  la  Introduced  to 
account  for  the  limited  a  p.-forl  knowledge  of  the 
magnitude  of  the  attitude  control  thruster  torque 
level.  The  ability  to  estimate  the  variable  is 


dependent  on  the  control  torque  having  some  de¬ 
gree  of  repeatlbility  from  firing  to  firing,  This 
variable  can  be  estimated  if  appropriate  modifi¬ 
cations  are  made  to  the  filter  covariance  matrix 
at  the  jet  firing  times.  These  modifications, 
which  will  not  be  given  here,  are  in  Appendix  G 
of  Ref.  3,  The  estimates  of  this  variable  enter 
the  state  prediction  equations  via  Eq.  (73).  The 
direction  of  control  torque  vector  in  the  B-frame 
Is  assumed  to  be  known  from  a  priori  data  to 
within  1  deg.  Errors  in  control  torque  direction 
are  accommodated  by  appropriate  Increments 
being  made  to  the  filter  covariance  matrix  at  the 
jet  firing  time, 

The  state  prediction  equations  for  the  first 
through  sixth  state  variables  are  defined  by  Eqe. 
{62)  and  (63).  The  variables  X7,  xq,  Xjq,  xji, 
Xjj  are  predicted  to  be  constant  between  mea¬ 
surements,  and 


Xg(t)  n  Xg(tj^)  +  (t  -  X  j  q  jsj) 


In  practice,  a  "Q"  term  is  added  to  the  filter  co* 
vartanee  matrix  at  each  measurement  time  to 
simulate  a  hypothetical  random  disturbance  to 
X7,  xq,  xjq,  x,  j  to  compensate  for  modeling 
errors  and  ensdxle  the  filter  to  "track"  these  var¬ 
iables  when  they  vary  slowly  with  time, 

The  estimate  of  xjg  represents  the  esti¬ 
mate  of  the  control  torque  at  the  most  recent  jet 
firing  time.  In  this  case,  the  appropriate  incre¬ 
ments  to  the  filter  covariance  matrix  are  made 
only  at  the  Jet  firing  times  to  account  for  the 
random  variation  in  torque  from  firing  to  firing. 

In  addition  to  the  set  of  state  variables,  a 
numbe*  of  other  variable*  and  parameters  are 
required  to  be  known  for  a  complete  definition  of 
the  problem.  These  variables  are  treated  as 
deterministic  quantities  and  are  listed  in  Table  2, 

The  reaction  wheel  angle  of  rotation  a(t)  is 
actually  determined  by  filtering  of  tachometer 
pulse  data.  This  angle  su  obtained  Is  treated  as 
a  known  quantity.  The  orbital  angular  rote,  sat¬ 
ellite  right  ascension,  declination,  and  heading 
angle  are  obtained  from  ephemerls  data.  The  jet 
firing  time  t r  and  Jet  puliewidth  are  assumed  to 
be  available  Trom  telemetry. 

The  final  filter  configuration  'or  the  prob¬ 
lem  at  hand  is  summarized  in  block  diagram  in 
Fig.  12.  Note  that  the  measurement  residual  is 
formed  by  transformation  of  the  known  compo¬ 
nents  ol  the  rt.tr  vector  in  the  attitude  reference 
frame  (R-frame)  to  the  "estimated"  star  sensor 
coordinate  frame  using  the  estimated  value*  of 
?!•  0 2'  0J'  0 1  •  Pg  *n  the  coordinate  transforma¬ 
tion.  The  measurement  residual  is  then  com¬ 
puted  oy  the  process  of  sampling  the  -y  compo¬ 
nent  of  the  vector  for  the  appropriate  slit.  Note 
that  the  slit  producing  the  star  pulse,  as  well  a* 
the  particular  star,  must  be  identified.  In  prac¬ 
tice,  aftvr  an  initial  lock-on  process,  the  attitude 
estimates  are  sufficient!)  accurate  to  guarantee 
successful  identification. 
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Fig.  11.  Filter  Configuration 
Table  2.  Deterministic  Parameter* 


Variable 


Comment 


A'/C  *  2AB/C(A  +  B)  Moment  of  inertia  param¬ 
eter 

Pw  Control  jet  puleewldth 

t„  Time  of  initiation  of 

control  torque  pulse 

a(t)  Reaction  aheel  angle  of 

rotation 

a  ,  bf,  j  Satellite  right  atcenelon, 

declination,  and  heading 
angle 

Vj,  2  *  N3  Star  seneor  e  li  1  angle* 

u)Q  Magt.itude  of  orbital 

angular  rate 
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PANEL  DISCUSSION 


The  panel  wai  chaired  by  Mr.  Dennis  F.  Meronek  of  The 
Aerospace  Corporation.  It  comprised  Major  William  Hartung 
of  the  Air  Force  (SAMSO)  and  the  chairmen  of  the  five  previous 
sessions:  Professor  Harold  Sorenson,  Mr.  Robert  Lillestrand, 
Dr.  James  D.  Gilchrist,  Dr.  Joseph  LeMay,  and  Professor  R. 
C.  K.  Lee. 

The  discussion  began  with  each  chairman  summarizing  his 
session,  and  Major  Hartung  examining  possible  future  missions 
requiring  high-accuracy  attitude  determination.  A  transcription 
from  the  tape  recordings  of  the  entire  discussion  is  published  in 
Volume  II  (classified)  of  these  proceedings. 

Brief  biographies  of  the  chairmen,  speakers,  and  other 
coauthors  follow,  if  they  were  available  at  the  time  of  printing. 
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Including  trajactory  optimisation,  optimal  guidanea  schamss,  apacaeraft  attltuda  control  ayatama,  and 
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Ha  has  been  a  teaching  fallow  at  Harvard,  and  a  raaaareh  assistant  at  both  Harvard  and  MIT.  At  Har* 
vard,  ha  obtained  hia  PhD  in  control  and  estimation  theory.  While  in  graduate  school,  ha  was  associ¬ 
ated  with  the  Dynamics  Research  Corporation  in  Stonaham,  Massachusetts.  Thera  ho  applied  aatlmation 
theory  to  the  analysis  of  the  Ship's  Inertial  Navigation  System  (SINS)  for  tha  Navy's  Polaris  submarine 
program.  Since  Joining  Tha  Aerospace  Corporation  in  1967  ha  has  bean  involved  in  spacecraft  attltuda 
and  line-of-sight  determination  problama.  Dr.  Henrikson  has  published  papers  on  correlated  measure¬ 
ment  noise  ana  nonlinear  estimation. 

Joseph  L.  La  May,  chairman  of  Saasion  IV,  hails  from  Michigan.  Ho  earned  hia  alactrioal  anglnaaring 
bs  at  tha  University  of  Detroit  in  1937  and  his  MS  at  tha  California  Institute  of  Technology  in  1959. 

Prom  1933  to  1959  ha  waa  a  research  engineer  with  General  Motors  Corporation,  and  from  1959  to  1962, 
a  teaching  fallow  at  the  University  of  Michigan,  where  he  received  hia  PhD  in  inatrumantation  engineer¬ 
ing.  Ha  has  been  with  The  Aerospace  Corporation  sines  that  time,  first  at  a  section  manager  and  now 
as  a  program  dlractor.  Dr.  LeMay  lectures  on  modern  control  theory  at  UCLA,  is  tha  author  of  nu¬ 
merous  publications  on  control  and  navigation  systems  theory,  and  is  a  mambar  of  AIAA  and  IEEE. 

J.  E.  Lealnski.  a  cochairman  of  the  symposium,  is  a  native  of  Michigan.  He  received  his  BS  in  aero- 
nautteai  engineering  from  tha  University  of  Michigan  as  wall  as  his  MS  in  instrumentation  anglnaaring 
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has  bean  assigned  to  the  Deputate  for  Technology,  Exploratory  Development  Branch,  Space  and  Mlseild 
Systems  Organisation  in  Loa  Angalaa. 


William  E.  Hartung,  Major,  USAF,  received  a  BS  In  chemlatry  from  the  University  of  Santa  Clara  in 
1  954.  Hla  BS  and  MS  in  aeronautical  and  aatronautical  engineering  came  from  the  University  of  Illinois 
in  1963  and  1964,  respectively,  whence  he  was  directi',  assigned  to  Headquarters,  Space  Systems  Divi¬ 
sion.  There  he  participated  in  the  management  of  preliminary  design  studies  for  the  Special  Defense 
Program.  After  flying  C-130s  in  the  Philippines  in  support  of  South  Vietnam,  he  was  assigned  to  his 
present  post  at  the  Space  and  Missile  Systems  Organisation.  His  mission  analysis  work  last  year  was 
on  the  Surveillance  of  Objects  in  Space  in  the  1970a  (SOS -70);  currently,  it  is  on  thn  missile  and  space 
defense  of  the  United  States.  Major  Hartung  presented  a  paper  in  Session  V. 


Other  Representatives 


Other  session  chairmen,  speakers,  and  authors  of  symposium  papers  are  listed  below  alphabetically 
under  the  name  of  the  organisation  each  represents, 

AEROJET  .GENERAL  CORPORATION 

R.  A.  Lucas  was  born  in  Illinois.  He  received  his  BS  iti  mathematics,  with  honors,  from  California 
State  Polytechnic  College  in  Pomona  in  1966,  Since  that  time,  Mr.  Lucas  has  been  with  the  Aerojet- 
General  Corporation  in  Aausa,  California,  working  on  attitude  determination  and  simulation.  He  and 
his  coauthor  presented  their  paper  in  Session  V  of  the  sympostum.  He  volunteers  that  he  hat  two 
brilliant,  beautiful  children  and  is  nies  to  eats,  birds,  and  secretaries. 

BARNES  ENGINEERING  COMPANY 

Robert  W.  Asthelmer,  chairman  of  Session  II  of  the  symposium,  received  a  BS  in  mechanical  engineer* 
ing  in  1944  and  arH^TJ  in  phyeics  In  1949  at  Stevens  Institute  of  Technology,  As  an  engineering  trainee 
with  the  American  District  Telegraph  Company,  he  devslcped  automatic  fire  detection  systems  and 
components.  From  1944  to  1946,  he  served  in  the  Army  Signal  Corps  on  mobile  radio  equipment;  then 
until  1931  he  was  a  physics  Instructor  at  Stevens  where  he  did  research  on  refraotlve  index  measure¬ 
ments  and  self -diffusion  of  metals,  and  electron  microscope  studies  of  metallio  structure.  At  the 
Naval  Ordnance  Laboratory  from  1931  to  1933  he  Investigated  underwater  explosion  phenomena  and 
developed  atomia  and  hydrogen  bomb  blast  measurement  instruments.  When  he  joined  Barnes  Engineer¬ 
ing  Company,  Stamford,  Connecticut,  in  1933,  ho  was  concerned  with  infrared  missile  tracking,  imag¬ 
ing  units,  and  radiometers  and  epectrometcrei  portable  and  mobile  IR  pointing  and  scanning;  satellite 
stabilisation  sensors,  weather  reconnalasanee,  and  new  thermal  detectors.  Later  ha  became  technical 
director,  responsible  for  the  administration  and  technical  direction  of  engineering,  research,  and  de¬ 
velopment  activities.  He  is  now  Vice  President  and  Oeneral  Manager  of  the  Defense  and  Space  Contracts 
Division,  Mr,  Asthelmer  is  a  fellow  of  the  Optical  Society  of  America,  and  contributes  extensively  to 
technical  publications. 

CONSULTANT 

Robert  E.  Roberson  received  his  BS  in  physics,  his  MS  in  mathematics,  and  a  PhD  in  mechanics,  all 
trom  Washington  University  in  St.  Louis  by  1931.  After  17  years  of  experience  in  government  lab¬ 
oratories  and  industry,  he  became  a  consultant  to  Industry  in  1960  in  aerospace  vehicle  dynamics  and 
control.  In  addition,  in  1964  Dr.  Robsrson  became  a  profeseor  of  engineering  at  the  University  of 
California,  Los  Angeles,  and  has  been  with  the  University  of  California,  San  Diego,  as  profesnor  of 
aerospace  engineering  since  1967.  Dr.  Roberson  presented  the  first  paper  o.*  the  symposium. 

CONTROL  DATA  CORPORATION 

Joseph  E.  Carroll,  a  native  of  Wisconsin,  attended  St.  Mary's  College  and  then  the  University  of  Minne¬ 
sota,  where  in  1963  he  received  an  MS  in  physics.  He  Joined  Control  Data  Corporation,  Minneapolis, 
Minnesota,  In  1961,  and  has  been  active  in  the  design,  analysis,  fabricator,  and  testing  uf  spacecraft 
navigation  and  attitude  detection  systems  and  their  application  to  ground-based  astronomical  surveys. 

He  is  now  technical  director  of  the  SPARS  star  sensor  dsvslopment.  The  author  of  numerous  technical 
papers  and  holder  of  four  patents,  Mr.  Carroll  is  a  member  of  the  Institute  of  Navigation,  the  Arctic 
Institute  of  North  America,  and  the  American  Congress  on  Surveying  and  Mapping.  He  authored  the 
paper  he  presented  in  the  symposium's  Session  II,  and  eoauthorsd  a  paper  given  in  Session  IV. 

Charles  B.  O roach,  a  Chicagoan,  obtained  his  BS  in  education  and  MS  in  mathematics  from  Iowa  State 
University  in  l^W.  He  did  graduate  work  in  mathematics  there  and  later  at  the  University  of  Minnesota. 
Hs  was  in  the  mechanical  division  of  General  Mills  from  1936  through  1962,  and  then  did  army  duty  for 
six  months.  Later  that  year,  Mr.  Orosch  Joined  Control  Data  Corporation  in  Minneapolis,  where  he 
has  been  involved  in  the  problems  of  applied  mathematics  directed  primarily  toward  attitude  determina¬ 
tion  and  celestial  mechanics.  Mr.  Grosch  is  coauthor  of  a  paper  presented  in  Session  III. 
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Anton  E.  LaBonte  is  a  coauthor  of  the  paper  he  presented  in  Seeeion  III  of  the  eympoalum.  A  native  of 
Minneapolis,  he  received  hi*  BS,  MSEC,  and  PhD  (In  electrical  engineering  and  mathematical  from  the 
Unlveraity  of  Minnesota.  While  there,  he  did  electrical  engineering  undergraduate  teaching  and  research 
in  the  micromagnetlc  characterization  of  ferromagnetic  thin  films.  Upon  receiving  his  PhD  in  1966,  he 
joined  the  Control  Data  Corporation,  Minneapolis,  where  his  work  has  been  i.i  star  mapper  attitude  de¬ 
termination,  it*  data  reduction  and  evaluation,  and  systems  engineering  for  ecanning  instrumentation 
and  software  for  the  analysis  of  photographic  star  plates. 

Robert  L.  Lille  strand,  chairman  of  Session  II,  served  from  1945  to  1946  in  the  U.S.  Navy,  At  the 
tlniverslty  of  Minnesota  he  achieved  his  BA  and  MA  in  physics  in  1949  and  1951,  respectively.  He  then 
went  to  General  Mills,  Inc.,  where,  until  1960,  he  was  concerned  with  self-contained  optical  systems 
for  space  navigation  baaed  on  star  aberration  only;  precise  IR  search  and  track  aysteme;  error  analysis 
of  the  ICBM  impact  prediction  system;  the  design  of  the  aberrascope;  the  monopulsa  radar  antenna 
pedestal  for  IRBM  guidance  and  the  precision  automatic  leveling  platform.  In  I960  Mr.  Llllestrand 
joined  Control  Data  Corporation  in  Minneapolis  where  he  haa  bean,  successively,  director  of  aeroopace 
research,  staff  consultant  to  the  research  division,  and  currently  director  of  elsctro-optice  research. 

He  holds  five  patsnts  in  the  space  navigation  and  detection  field  (ineluding  the  stellar  aberrascope),  and 
has  five  pending.  His  papers  have  appeared  in  numerous  journals  such  as  Electronics,  AR8  Journal, 
and  the  IEEE  Transactions  on  Aerospace  and  Navigational  Electronics.  He  has  presented papers  at 
numerous  symposia,  and  is  a  member  o!  the  American  l^kyeicai  Society,  American  Optical  Society, 
American  Aeronautical  Society,  A1AA,  and  the  Arctic  Institute  of  North  America.  Mr.  Llllestrand  has 
made  two  expeditions  to  the  North  Pole  and  two  to  northern  Greenland;  in  the  latter,  in  spring  1969,  he 
discovered  the  new  northernmost  point  of  land  in  the  world. 

Bruce  D.  Vannellt  was  born  in  St.  Paul  and  received  a  BS  in  1959  and  an  MS  in  1963,  both  in  mathematics 
and  from  the  tlniverslty  of  Minnesota.  He  was  with  the  Mitre  Corporation  in  Boston  in  1961  working  on 
display  programs  for  high -altitude  air  traffic  control.  The  following  year,  Mr.  Vannelli  went  to  Control 
Data  Corporation,  Minneapolis,  as  a  programmer  analyst  on  projects  such  as  computer  programs  fo. 
attitude  determination  devices,  stellar  pattern  recognition,  and  satellite  navigation  using  an  ejected 
probe.  Mr.  Vannelli  coauthored  a  paper  given  in  Session  III. 

HONEYWELL,  INC. 

Gerald  R.  Arneson  received  both  his  BS  and  MS  In  elsctrieal  engineering  from  the  University  of  Minn¬ 
esota,  the  latter  in  1968.  Since  1967  he  has  been  involved  in  simulation  problems  in  the  computer 
sciences  section  at  Honeywell,  Inc. ,  Aerospace  Division,  Minneapolis.  These  have  included  a  hybrid 
simulation  of  a  VTOL  aircraft  to  evaluate  wind  gust  disturbance,  digital  simulation  of  an  attitude  refer¬ 
ence  using  laser  gyros,  and  a  real-time  data  processing  algorithm  for  SPARS.  Mr.  Arneson  recently 
has  been  developing  and  Implementing  hybrid  software  for  the  Honeywell  SDS  9300  and  Sigma  V  hybrid 
computation  facilities.  In  addition  to  these  computers,  he  has  worked  with  the  CDC  1604-6600,  and 
the  Honeywell  H-21  and  H-1800.  Mr.  Arneson  it  a  coauthor  of  the  paper  he  preeented  in  Session  in. 

Cralj  D.  coauthor  of  a  paper  given  in  Session  IV  of  the  symposium.  Having  received  hit 

BSEE  and  MSEE  at  Purdue  University  hy  1966.  hs  joined  Honeywell,  Inc.,  Aerospace  Division,  as  a 
principal  development  engineer.  In  thin  cepaclty,  he  has  made  analysis  tradeoff  studies  using  the 
SPARS  3DOF  computer  simulation  and  was  responsible  for  application  of  the  SPAAS  algorithm  to  real¬ 
time  software  in  Phase  IA.  Previous  to  his  work  on  SPARS,  Mr,  Brown  had  worked  on  the  verification 
of  a  13-foot  air  bearing  test  table  end  on  an  acceptance  test  program  for  a  apace  vehicle  motion  simu¬ 
lator  for  NASA's  Manned  Spacecraft  Center. 

David  B.  Jackaon  received  a  BS  in  electrical  engineering  from  the  University  of  Mlnneeote  in  1961,  and 
3 id  a  year  of  graduate  study  there  in  automatic  control  and  digital  computers.  From  1962  to  1965  he 
waa  with  the  Lockheed -California  Company  on  a  number  of  NaSA  and  Air  Fores  studies.  Recently,  he 
represented  Honeywell  at  the  NASA  ElectronL-e  Research  Center  at  Cambridge,  Msssachusetts,  where 
he  worked  on  ths  application  of  stochastic  estimation  to  the  rnschanieation  of  strapdown  attitude  refer¬ 
ence  eyetems  for  spsescraft,  and  where  he  prepared  the  paper  he  gave  in  Session  I  of  the  sympoeium. 
Previously,  Mr.  Jackson  was  Involved  in  the  thrss-dsgrss-of-frssdom  computer  program  and  simule- 
tion  study  in  SPARS  Phase  0  and  in  the  Apollo  Block  II  display  coupler  studies.  He  is  presently  with 
ths  Aerospace  Division  of  Honeywell,  Inc. ,  in  Minneapolis. 

Jerome  C,  Kollodgs*  is  a  coauthor  of  a  paper  in  Session  II.  He  is  with  Honeywell,  Inc.,  Radiation 
Center,  Lexlnton,  Massachusetts. 

D.  Alexander  Koto, *  coauthor  of  the  paper  he  preeented  during  Session  II  of  the  symposium,  is  with 
RoneyweU,  Inc.,  Hidietlon  Center,  Lexington,  Msssachusetts. 


Biographical  information  not  available. 


Joseph  A.  Miller  i*  coauthor  of  the  paper  he  presented  in  Seeaion  IV  of  the  symposium.  He  received 
both  hie  BS  and  MS  in  ele"rical  engineering  from  MIT  in  1953  and  then  joined  Honeywell,  Inc.,  Aero¬ 
space  Division,  where  he  is  the  SPARS  project  leader.  He  has  supervised  the  concept  and  system  re¬ 
quirements  on  the  Block  I  Apollo  SCS  for  four  years,  from  concept  definition  to  hardware  verification. 
Mr.  Miller  has  also  been  involved  in  its  entry  and  Delta  V  operation  and  closed-loop  system  teste,  as 
well  as  directing  the  selection  study  of  the  attitude  reference  system  for  both  Blocks  I  and  II. 

Gerald  D.  Nelson  earned  both  his  B3  and  MS  at  the  University  of  Minnesota,  in  1960  and  1968,  re spec- 
tively.  Since  1963  he  has  been  employed  by  the  Aerospace  Division  of  Honeywell,  Inc, ,  as  an  analyst 
in  the  computer  sciences  section,  Mr,  Nelson  has  been  responsible  for  the  design  and  implementation 
of  digital  computer  programs  for  a  mulHeensor  reconnaissance  modal,  an  Apollo  tolerance  analysis 
program,  and  a  general-purpose  program  for  the  analysis  of  linear  systems,  known  as  VALUE.  His 
work  has  made  him  familiar  with  the  IBM  7090-7094,  the  CDC  3600  and  6400-6600,  and  the  Honeywell 
H-1800  computers.  Mr.  Nelson  coauthored  a  paper  givan  in  Session  in. 

David  C,  Paulson  received  his  BS  and  MSME  at  the  University  of  Minnesota,  the  latter  in  1960.  From 
then  until  I9bb  he  was  with  the  United  Aircraft  Corporation  involved  in  conceptual  design  studies  of 
missile,  satellite,  and  space  vehicle  navigation  and  precision  stellar -inertial  attitude  reference  and 
pointing  systems.  Since  1966,  he  has  been  a  staff  engineer  at  Honeywell,  Inc.,  Aerospace  Division, 
whsra  he  is  currently  responsible  for  the  Phase  IB  SPARS  eoneapt  development,  analysts,  and  testing. 
During  Phases  0  and  IA,  ha  was  work  director  for  the  system  analysis,  and  responsible  for  the  con¬ 
ceptual  application  of  recursive  filtering  in  the  SPARS  design.  Mr.  Paulson  holds  a  pateht  for  an  auton¬ 
omous  orbital  navigation  mechanisation,  and  is  the  coauthor  of  the  paper  he  presented  in  Session  IV. 

David  K.  Scharmack,  whose  paper  was  presented  in  Session  I,  received  his  BSE  and  MS  from  the  Uni- 
versity  of  Michigan,  and  workod  for  the  Kuhlman  Electric  Company  from  19S7  to  1960.  He  is  in  the 
St.  Paul  Systems  and  Research  Division  at  Honeywell,  Inc, ,  which  he  joined  in  I960,  and  is  preparing 
for  a  PhD  in  control  sciences  at  the  University  of  Minnesota.  His  work  has  been  largely  in  the  field  of 
digital  computers,  with  his  major  research  effort  resulting  in  the  "predictor  method,"  a  powerful  tool 
for  determining  optimal  trajectories  as  functions  of  parameters.  He  has  worked  in  the  diverse  areas 
of  optical  correlation  and  attitude  determination,  the  latter  being  concerned  with  the  orbital  scanner. 

In  addition  to  writing  journal  papers,  Mr.  Scharmack  is  the  author  of  a  chapter  in  Volume  V  of 
Advances  in  Control  Systems:  Theory  and  Practice,  and  has  lectured  on  trajectory  optimization  in  the 
tfCLA  short-course  aeries, 

Robert  T.  Scott  earned  his  BSEE  from  Catholic  University  in  1950,  and  his  MSEE  from  Purdue  Univer- 
slty  in  l<?517  He  has  been  with  the  Honeywell,  Inc. ,  Aerospace  Division  since  that  time,  and  is  current¬ 
ly  the  work  director  on  SPARS  Phase  IB  component  design  and  development.  This  was  prscedsd  by  his 
efforts  on  the  inertial  reference  assembly  hardware  requirements  in  Phase  0,  and  in  the  IRA  building 
and  tasting  in  Phase  IA.  Prior  to  SPARS,  he  was  involved  in  the  rats  gyro  package  for  the  MOL  and  in 
guidance  amplifiers  for  Gemini.  Mr.  Scott  has  specialized  in  inertial  grade  gyros,  Including  the  de¬ 
velopment  and  test  of  a  rate  gyro  package  for  Sprint,  and  is  the  holder  of  two  patents  concerned  with 
gyro  temperature  control.  Mr.  Scott  coauthored  the  paper  he  gave  in  Session  IV  of  the  symposium. 

N.  W .  Tidwell  is  a  principal  systems  analyst  at  Honeywell,  Inc.,  Aerospace  Division,  Minneapolis, 
tit  is  also  working  toward  his  MS  in  electrical  engineering  at  the  University  of  Minnesota,  having  re¬ 
ceived  his  BS  in  engineering  physics  at  the  University  of  Illinois  in  1962.  He  is  currently  engaged  in 
the  mathematical  modeling  of  spacecraft  perturbation  torques  and  in  a  system  parametric  analysis  to 
determine  spacecraft  parameter  sensitivity  to  the  accuracy  of  attitude  determination  of  a  celestial  map¬ 
per.  Other  areas  of  his  experience  relate  to  the  orbital  scanner  spacecraft!  horizon  definition  meas¬ 
urement  program!  F104  aircraft  computer;  the  Electrically  Suspended  Gyro  Monitor  (ESGM),  for  which 
he  developed  optical  alignment  techniques;  and  the  Advanced  Orbiting  Solar  Observatory  (AOSO),  includ¬ 
ing  sensor  and  solar  simulation  design  and  scheduling  and  testing  on  the  six-foot  air  bearing  table,  Mr. 
Tidwell  presented  a  paper  in  Session  I  of  the  symposium. 

HUOHES  AIRCRAFT  COMPANY 

Joseph  Del  Rlsgo,  currently  in  charge  of  the  TACSAT  attitude  determinal  Ion  and  control  and  station- 
keeping  at  Hughes  Aircraft  Company  in  Los  Angeles,  received  his  BS  in  mathematics  at  Pennsylvania 
State  University  in  1962,  In  the  guidance  and  controls  department  at  Hughes,  Mr.  Del  Rlsgo  is  Involved 
in  the  deeign  and  analysis  of  trajectory  and  orbit  shaping  and  on-orbit  control  of  spin-stabilized  space¬ 
craft.  He  has  participated  in  the  real-time  launch  and  orbit  phases  of  the  Intelsat  II,  ATS,  and  the 
TACSAT.  Mr.  Del  Riego  coauthored  a  paper  in  Session  III. 

John  J.  Rlberlch  earned  his  BS  in  electrical  engineering  at  the  University  of  Minnesota.  Mr.  Ribarleh 
prosshted  a  paper  in  Session  V  of  the  symposium.  He  Is  with  the  Hughes  Aircraft  Company  in  Los 
Angeles,  where  he  is  section  head  in  the  guidance  and  control  department.  At  present,  he  is  involved 
in  precision  pointing  studies. 
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Warren  H.  Sierer  Is  *  ataff  engineer  in  the  Space  Syetemi  Dlvieion  of  the  Hughea  Aircraft  Company, 

Loe  Angelei.  He  went  to  work  there  in  1964,  having  received  both  hie  BS  and  MS  in  epace  phyeice  at 
UCLA.  Working  in  the  area  of  attitude  eeneing  and  determination,  he  was  a  member  of  the  team  ape- 
cialiilng  in  this  and  in-orbit  control  during  launch  of  ten  spacecraft  for  NASA,  Comsat  Corporation, 
and  the  Air  Force.  For  the  TACSAT,  he  developed  the  In-orbit  control  computer  eyetem  and  was  chief 
of  orbital  maneuvers  during  initial  launch  operations.  Mr,  Sierer  coauthored  the  paper  he  gave  in 
Session  III. 

IBM  CORPORATION 

JjL^Heisej  *  coauthor  of  a  paper  preeented  in  Session  IV,  is  with  the  Federal  Systems  Division  of 
IBM,  Westlake,  California. 

W.  C.  Martin  was  awarded  a  BS  in  mathematics  at  Fresno  State  College  in  195?  and  an  MS  in  engineer- 
ing  at  UCLA  in  1968.  He  has  worked  extensively  in  the  field  of  computer  and  control  applications  at 
the  U,S.  Naval  Ordnance  Test  Station,  the  Ford  Motor  Company,  and  The  Aerospace  Corporation.  To¬ 
gether  with  his  coauthor,  he  presented  a  paper  in  Session  V  of  the  sympostum. 

Gunnar  Nielsen,  coauthor  of  a  paper  presented  during  Session  IV,  received  his  BMC  at  the  OMT  in 
Denmark  in  1^8,  Joining  IBM  in  1951,  he  became  a  member  of  the  medical  engineering  department 
of  the  physics  laboratory  and  was  assigned  to  heart,  lungs,  and  artificial  limbs,  This  led  to  work  on 
periscopes  and  precision  optical  and  mechanical  projection  and  measuring  systems.  Included  were  the 
map-match  projection  system,  the  photographic  system  for  the  AN/ASQ-38  (B -52)  bombing  navigation 
system,  and  the  bombing  navigation  map-match  system  for  the  XB-7G  aircraft.  At  present  he  is  an 
advisory  engineer  in  the  physical  simulation  department  at  IBM  in  Owego,  New  York,  supporting  the 
design  and  Integration  of  opto -mechanical  simulation  equipment. 

Frank  H.  Settles  graduated  from  Brooklyn  Polytechnic  Institute  with  a  BS  in  aeronautical  engineering 
In  19S6.  At  thTUnlverelty  of  Michigan,  he  received  an  MS  in  1959  and  a  PhD  In  1963,  both  in  instru¬ 
mentation  engineering,  a  subject  he  also  taught  part  time.  He  then  joined  IBM  in  the  Federal  Systeme 
Division,  Owego,  New  York,  where  he  went  to  work  on  mission  analysis  for  the  standardised  space 
guidance  system.  He  then  became  involved  in  Gauss-Markov  optimal  estimation  in  autonomous  space¬ 
craft  navigation,  the  MOL,  the  Gemini  navigation  experiment,  navigation  systems  for  lifting  reentry 
vehicles,  and  the  teet  design  and  evaluation  of  SPARS,  At  present,  Dr.  Schlee  is  working  on  the  design 
of  the  A 7  navigation  and  weapon  delivery  system.  He  coauthored  two  papers  in  Session  IV,  one  of 
which  he  also  presented. 

N.  F.  Toda  was  an  instructor  in  the  department  of  engineering  mechanics  at  Cornell  University  from 
i  950  to  1957.  It  was  there  that  ha  earned  his  BME  in  1950  and  MME  in  1953.  After  leaving  Cornell, 
he  went  to  the  Sperry  Gyroscope  Company  where,  until  1964,  he  was  engaged  in  the  development  of 
floated  gyros  and  the  navigation  and  guidance  of  space  vehicles.  He  then  joined  IBM  in  the  Federal 
Systems  Division  at  Westlake,  California,  where  he  is  manager  of  the  systems  analysis  department. 

At  IBM,  Mr.  Toda  has  been  Involved  in  autonomous  navigation,  guidance  of  space  vehicles,  and  the 
Defense  Support  Program  attitude  determination.  He  was  also  manager  of  the  guidance  analysis  de¬ 
partment  for  SPARS.  His  paper  was  given  in  Session  IV. 

LOCKHEED  MISSILES  AND  SPACE  COMPANY 

William  R.  Davis,  coauthor  of  a  paper  presented  in  Session  IV,  received  hia  BS  in  electrical  engineer- 
ing  and  MS  In  phytic*  from  th#  California  Institute  of  Technology.  The  Utter  wae  in  1947  after  a  atint 
at  th#  U.S.  Naval  Academy  in  the  USNR  Officer  Training.  In  1966,  he  received  hie  PhD  In  electrical 
engineering.  From  1947  until  1956,  he  worked  et  eeveral  compeniee  In  the  development  of  stable  plat- 
forme,  celeetlal  navigation  equipment,  angle  transducers,  end  high-speed  commutator*.  He  then 
Joined  Lockheed  Mleelle*  and  Space  Corr.psny  at  Sunnyvale,  California,  where  ha  ie  project  leader  in 
navigation,  guidance,  and  control,  directing  the  SPARS  program.  While  at  Lockheed,  Dr.  Davis  has 
bean  Involved  in  guidance  and  control,  satellite  drag  makeup  experiments,  advanced  technical  planning, 
and  tdvancad  attaint*  and  mitellt  system  eynthesi* -guidance  and  control.  He  also  directed  the  Initial 
synthesis  and  development  of  the  Agent  ascent  guidance  and  orbit  attitude  control  systeme. 

Fred  Y,  Horluchl  received  a  BS  and  MS  in  aeronautical  engineering  from  the  University  of  Illinois,  the 
latter  degree  in  1958.  After  working  in  the  Missile  and  Space  Division  of  Douglas  Aircraft  Company, 
he  Joined  Lockheed  Mieellee  end  Space  Company,  Sunnyvale,  California,  in  1960,  where  he  te  a  research 
■peclaliit  In  the  guidance  end  flight  mechenlca  department.  Being  reeponeible  for  the  design  of  the 
precision  earth-pointing  experiment  of  the  SPARS  program,  Mr.  Horluchl  la  concerned  primarily  with 
the  accurate  determination  of  satellite  orbits  and  drag  lifetimes,  and  with  atmoapheric  density  analyses 
and  aatsllite  rendeevout  atudie*.  Mr.  Horluchl  coauthored  e  paper  preeented  in  Session  IV. 
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M5EE  from  the  California  Institute  of  Technology  In  1960.  He  designed  wideband  instrumentation  for 
Dynasoar  at  Ampex  Corporation,  and  did  research  and  development  on  electronic  systems  and  servo 
controls  at  Leach  Corporation,  Magnetic  Research  Corporation,  Allen  Bradley,  and  Brown-Bovery, 

Ltd.  ,  in  Switzerland.  In  1963  he  Joined  Lockheed  Missiles  and  Space  Company  and  was  project  leader 
for  the  microwave  radiometer  terminal  guidance  and  low-cost  inertial  guidance  projects,  including 
flight  and  sled  test  experiments.  He  designed  high-precision  servos  for  the  laser  pointing  communica¬ 
tion  system  for  the  special  LOCAT  satellite.  Currently,  Mr.  Hvosohlntky  directs  the  tests  and  ex¬ 
periment  definition  for  PEPSY  laboratory  evaluation.  He  coauthored  a  paper  which  he  presented  in 
Session  IV  of  the  symposium. 

Michael  G.  Lyons  is  a  senior  research  engineer  at  the  Lockheed  Missiles  and  Space  Company,  Sunny- 
vale,  California.  He  received  hie  BA  in  engineering  physics  at  Cornell  University  in  1965  and  his  MA 
in  electrical  engineering  at  Stanford  University  in  1966.  At  Lockheed,  Mr.  Lyons'  work  includes  the 
design  and  analysis  of  spacecraft  attitude  control,  and  estimation  technique*  for  attitude  determination. 
He  coauthored  the  paper  he  gave  during  Seaelon  III. 

E,  D.  Scott,  *  coauthor  of  a  paper  presented  in  Session  111,  is  with  Lockheed  Missiles  and  Space  Com¬ 
pany,  Sunnyvale,  California 

MARQUETTE  UNIVERSITY 

E,  C.  Foudrlat,  author  of  the  second  paper  of  the  symposium,  graduated  from  the  University  of  Illinois 
In  i9su  and  went  to  Ohio  State  University  where  he  earned  both  MS  and  PhD  degree*  by  1966.  H#  has 
worked  for  the  Battelle  Memorial  Institute,  North  American  Aviation,  Inc.,  and  NASA  at  Langley  Re¬ 
search  Center  from  1967  through  1967,  Dr.  Foudrlat  than  Joined  Marquette  University,  Milwaukee, 
Wlleonsln,  as  an  associate  professor  of  electrical  engineering. 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 

Jurl  Valge,  *  with  MIT's  Instrumentation  Laboratory,  Cambridge,  Massachusetts,  coauthored  a  paper 
given  in  session  II  of  the  symposium . 

NATIONAL  AERONAUTICS  AND  SPACE  ADMINISTRATION 

Howard  J.  Curfman.  Jr. ,  a  native  of  Norfolk,  Virginia,  graduatad  from  th#  Virginia  Polytechnic  Inati- 
tude  in  1 9 A 4  wilh  a  B§  In  aeronautical  engineering.  In  January  1946  h#  want  with  NASA  at  the  Langley 
Research  Center,  Hampton,  Virginia,  whara  he  is  assistant  head  of  tha  aerospace  mechanics  branch  of 
the  applied  material*  and  phyelcs  division.  Hi*  research  has  been  in  automatic  stabilisation  and  control 
of  frealy  flying  modsls  of  both  aircraft  and  missiles.  Mr.  Curfman  was  manager  of  Project  Scanner, 

Is  the  author  of  17  technical  reports,  and  coauthored  a  paper  presented  tn  Session  II  of  the  symposium. 

Paul  B.  Davenport  received  hie  BA  and  MA  in  mathematic*  at  tha  University  of  Delaware,  the  latter 
degree  in  1958.  #rom  then  until  196Z  he  wee  with  th*  computing  facility  of  the  Weetinghous*  Defense 
Center  as  a  numerical  analyst  specialising  In  space  applications.  He  then  went  to  NASA's  Goddard 
Spact  Flight  Canter,  Oreenbelt,  Maryland,  where  he  Is  head  of  th*  mathematlcel  and  operations  analy¬ 
sis  section,  Mr.  Davenport'*  work  has  been  mtinly  th*  mathematical  modeling  for  th*  ground  control 
of  the  Orbiting  Astronomical  Observatory  (OAO).  Hie  paper  was  given  in  Sseeion  III  of  th*  symposium. 

Richard  desJardins  received  hts  BA  in  physics  and  his  MA  in  mathematics  from  Th*  Catholic  University 
of  America.  He  is  a  mathematics  Instructor  there,  at  the  same  time  working  for  NASA  at  the  Goddard 
Space  Flight  Center  in  Oreenbelt,  Maryland.  For  NASA,  Mr.  desJardins  perform*  mathematical  and 
operations  analysis  for  control  of  the  Orbiting  Astronomical  Orservatory  (OAO).  He  presented  hi* 
paper  in  Session  II  of  th*  symposium. 

John  A,  Dodasn.  born  In  South  Carolina,  graduated  from  its  Clsmson  College  with  t  BME  degree  In 
1 947,  Since  ttiat  time  he  has  been  employed  at  NASA's  Langley  Rvaearch  Center,  Hampton,  Virginia, 
where  he  te  head  of  tha  navigational  Instrumentation  development  section  of  th*  flight  Instrumentation 
division.  His  work  In  th*  areas  of  flight  Instrumentation  and  guidance  and  control  ha*  Involved  him  In 
the  research  aircraft  flown  at  tha  Flight  Research  Center  in  California.  Mr.  Dodgen  supervised  th* 
early  X-15  horlson  definition  flight  oxpsrlment,  was  experimenter  on  th*  Protect  Scanner  rocket,  and 
participated  in  the  early  manned  lunar  mtsalon  studies,  He  is  a  coauthor  of  the  paper  he  presented  in 
Session  II. 
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Daniel  Sheldon*  is  a  coauthor  in  Seeslon  IV.  He  ie  employed  at  Hamilton  Standard  Dlvielon,  United 
Aircraft  Corporation,  Farmington,  Connecticut. 


Robert  J.  flabinskt,  born  in  Pennsylvania,  achieved  hi«  BS  at  the  University  of  Hartford  in  1964  and 
hi»  MS  at  the  University  of  Connecticut  in  1967,  both  in  electrical  engineering,  where  lie  is  at  preeent 
pursuing  a  PhD  in  the  same  field.  From  1960  through  1964,  he  worked  at  the  Royal  McBee  Corporation 
in  the  analysis  and  design  of  small  high-speed  mechanisms.  At  United  Aircraft  Corporation's  Hamilton 
Standard  System  Center  in  Farmington  since  1964,  Mr.  Slabinski  hae  baen  active  In  eenaor  loop  deeign 
and  the  dynamic  performance  analysis  of  strapdown  inertial  ayetema.  The  paper  that  he  coauthored 
wai  given  In  Session  IV  of  the  symposium, 

UNIVERSITY  OF  CALIFORNIA 

R,  C,  K.  Lee  Is  an  associate  professor  of  aerospace  engineering  at  the  University  of  California,  Irvine, 
in  Irvine,  California.  He  received  his  BS,  MS,  and  ScD  degrees  from  MIT  in  aeronautics  and  astro¬ 
nautics.  The  next  12  years  he  spent  first  at  Honeywell,  Inc.,  and  than  at  The  Aerospace  Corporation 
working  in  the  areas  of  space  guidance  and  control,  airborne  vehicles,  estimation  theory,  and  adaptive 
control  systems,  He  holds  several  patents  in  these  field*.  Dr.  Les  was  chairman  of  Session  V  of  the 
symposium. 

Harold  W,  Sorenson,  the  chairman  of  Ssaslon  I,  received  his  BS  at  Iowa  State  University  in  1957  and 
hi*  MS  and  Phri  Trom  the  University  of  California,  Los  Angelas,  in  1965  and  1966,  respectively. 

During  1957  to  1962,  he  was  a  senior  research  engineer  in  the  flight  performance  and  guidance  analysis 
group  st  Oaneral  Dynemies/Astronautice.  From  1963  to  1966,  he  was  head  of  space  systems  in  the 
Electronics  Division  of  General  Motors  Corporation.  The  following  yaar,  he  was  a  guest  scientist  at 
the  Institut  fflr  Steuer-und-Regeltechnik,  DVL,  Obsrpfaffsnhofen  in  West  Germany.  Upon  his  return, 

Dr.  Sorenson  became  an  aeeletant  profeeaor  in  the  eystem  dynamic*  and  control  section  of  the  depart¬ 
ment  of  the  aeroepace  and  mechanleal  engineering  scianeas  at  the  University  of  California,  San  Diego, 
in  La  Jolla,  California. 
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Mark  Gorstein  ha*  been  working  Tor  NASA  at  the  Electronic*  Research  Center  in  Cambridge,  Musa- 
ehusett*,  since  1966.  He  received  hi*  BSEE  at  the  City  College  o £  New  York  In  1958  and  hi*  MSAE 
from  MIT  In  1965,  where  he  continue*  to  work  for  hi*  PhD  in  aeronautical  engineering,  From  1958  to 
1960,  Mr.  Gorstein  wt*  employed  at  General  Precision  Laboratory  on  the  circuit  d**lgn  for  Doppler 
navigation  systems.  He  then  tramferred  to  the  Kollaman  Instrument  Company,  first  a*  a  staff  engineer 
in  various  star 'tracking  systems,  and  then  as  a  resident  at  the  MIT  Instrumentation  Laboratory. 

There  he  was  responsible  for  the  design  and  development  of  the  Apollo  horison  and  star  trackers,  and 
sextant.  At  NASA,  he  is  in  applied  research  in  electro-optical  guidance  systems  in  computer  and 
guidance  technology.  His  two  pending  patents  include  one  for  the  quantasyn,  an  improved  ultraviolet 
detector.  In  September  1968,  Mr.  Gorstein  presented  a  paper  at  the  EASCON  conference,  and,  in 
Session  II  of  the  present  symposium,  he  gave  a  paper  which  he  coauthored. 


Jamas  Nelson  Hallock  is  coauthor  of  a  paper  given  in  Session  II.  After  receiving  his  BS  in  physics  at 
MIT  In  1963,  he  became  a  staff  physicist  there  from  1964  to  1966.  He  was  in  the  Apollo  optics  group, 
and  also  participated  in  the  Gemini  GT-7  and  GT-10  experiments  to  measure  landmark  contrast,  He 
has  been  with  NASA  since  1966  as  a  member  of  the  computer  and  guidance  technology  branch  at  the 
Electronics  Research  Center  at  MIT,  There  he  obtained  his  MS  in  physics  this  year,  and  has  completed 
his  course  work.  Mr.  Hallock  has  written  numerous  internal  MIT  and  NASA  reports,  published  in  the 
American  Journal  of  Physics,  presented  papers,  and  holds  two  patents.  He  belongs  to  the  Optical  So¬ 
ciety  of  America,  the  American  Physical  Society,  the  American  Association  for  the  Advancement  of 
Science,  and  Sigma  XI. 


Dwayne  E,  Hinton  was  born  in  Louisiana  and  received  his  BS  In  physics  from  Kentucky  Wesleyan  Col- 
lege  In  1962.  He  has  done  graduate  work  at  both  the  College  of  William  and  Mary  and  George  Washing¬ 
ton  University,  Since  Februsry  1964  he  ha*  bsen  with  NASA  at  th*  Langley  Research  Center,  Hampton. 
Virginia,  In  the  navigation  and  guidance  research  branch.  Mr.  Hinton  is  primarily  engagsd  in  the 
attitude  determination  of  spin -stabilised  vehicles  and  experimental  measurements  in  the  IR  of  blackbody 
cavity  emittance.  He  ie  coauthor  of  the  paper  he  presented  to  begin  Section  III  of  the  symposium. 

Vernon  K.  Merrick,*  a  coauthor  of  a  paper  in  Session  III,  is  with  NASA's  Ames  Research  Center  in 
Kdoffett  Field,  California . 


Bruce  Tinling  received  hie  BS  in  mechanical  engineering  from  the  University  of  Texas  in  1945  and  his 
MS  in  engineering  mechanic*  from  Stanford  University  in  1947.  Since  that  time  he  hae  been  employed 
at  NASA'*  Amea  Research  Canter,  Moffett  Field,  California.  Starting  in  1962,  he  has  specialised  in 
th*  past  ve  attitude  control  of  satellite*.  Mr,  Tinling  and  Vernon  Merrick  are  the  inventors  of  th* 
passive  grovity  stabilisation  system  used  on  th*  ATS,  DODGE,  and  RAE  satellites,  and  coauthors  of 
the  paper  Mr.  Tinling  presented  in  Session  III. 

Thomas  M.  Walsh,  coauthor  of  a  paper  presented  in  Session  III,  is  a  native  of  Pennsylvania,  He  re- 
cetved  hi*  BseE  from  Ohio  University  in  195}  and  his  MSE  from  tho  University  of  Akron  in  1962,  He 
served  in  the  U.S,  Army  from  1953  to  1955  st  the  Engineer*  Research  and  Development  Laboratory, 
Virginia.  Subsequently,  he  worked  for  the  Westinghouse  Electric  and  Goodyear  Aerospace  Corpora¬ 
tion*  and  the  Martin  Company,  primarily  In  the  area  of  fire  control  systems.  In  1962  he  joined  NASA 
at  the  Langley  Research  Center,  Hampton,  Virginia,  in  the  fields  of  guidance  and  control  and  stellar 
refe-ence  systems,  and  the  stability  of  various  reentry  spacecraft.  At  the  University  of  Virginia's 
extension  division  at  Langley,  Mr.  Walsh  hs*  taught  graduate  control  course*. 

TRW,  INC. 

J.  P.  O'Malley  attended  the  University  of  California,  Berkeley,  where  he  received  his  AB  in  physics 
In  1957.  He  was  employed  at  North  American  Aviation's  Space  and  Information  Systems  Division  from 
that  time  to  1963,  when  he  joined  the  TRW  System*  Croup  i..  Redondo  Beach,  California.  Mr.  O'Malley 
is  s  section  head  in  the  systems  design  department  there.  He  presented  a  paper  in  Session  I. 

UNITED  AIRCRAFT  CORPORATION 

Robert  A,  Baum  was  born  in  Pennsylvania,  and  rsceived  a  BS  In  physics  from  th<  Pennsylvania  State 
University  In  1962.  From  the  Roneselaer  Polytechnlcal  Institute  in  Hartford,  Connecticut,  he  obtained 
an  MS  In  engineering  ecience  In  1965.  He  had  already  joined  the  United  Aircraft  Corporation's  Hamil¬ 
ton  Standard  System  Center  In  Farmington,  Connecticut,  In  1962,  where  ha  became  active  In  the  de¬ 
velopment,  test,  and  analysis  of  etrapdown  Inertial  systems.  At  present  Mr.  Baum  is  a  section  engineer 
in  the  eyeteme  analysis  group  of  the  guidance  and  control  department.  He  presented  the  paper  that  he 
coauthored  for  the  symposium  in  Session  IV, 
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These  proceedings  contain  reproductions  of  the  unclassified  papers  pre¬ 
sented  at  the  Symposium  on  Spacecraft  Attitude  Determination,  held  at  The 
Aerospace  Corporation  on  September  30  and  October  1-2,  1969.  Classified 
papers  appear  in  Volume  II. 

The  symposium  consisted  of  six  sessions.  A  brief  summary  of  the 
material  in  each  of  these  sessions  follows. 

Session  I  (Unclassified),  Attitude  Estimation  Concepts,  is  devoted  to 
papers  surveying  the  general  theory,  modeling,  and  estimation  algorithm  con¬ 
cepts  of  use  in  estimating  spacecraft  attitude. 

Session  II  (Unclassified),  Attitude  Sensors  and  Sensing  Techniques, 
presents  papers  examining  the  current  state  of  the  art  and  future  potential  of 
some  of  the  sensing  techniques  used  in  attitude  determination. 

Session  III  (Unclassified),  Attitude  Determination  Systems  I,  comprises 
papers  regarding  attitude  determination  operational  and  design  experience  for 
several  different  satellite  systems. 

Session  IV  (Secret),  SPARS,  contains  papers  that  discuss  the  hardware, 
algorithms,  and  system  test  results. 

Session  V  (Secret),  Attitude  Determination  Systems  II,  concerns  papers 
on  United  States  attitude  determination  requirements  and  classified  applications 

Session  VI  (Secret)  is  the  Panel  Discussion.  An  edited  transcription  of 
the  panel  discussion  and  audience  participation  appears  in  Volume  II  of  these 
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Also  included  in  the  present  volume  are  biographical  sketches  of  the 
chairmen  and  speakers,  and  a  list  of  the  symposium  attendees. 
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